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Chemistry of the Cyclopentadienyl 
Bisphosphine Ruthenium Auxiliary 

STEPHEN G. DAVIES, JOHN P. MCNALLY, and 
ANDREW J. SMALLRIDGE 

The Dyson Perrins Laboratory 
University of Oxford 
Oxford 0X1 3QY, England 


I 

INTRODUCTION 

Organotransition metal chemistry is being utilized with increasing suc¬ 
cess in the development of highly regio- and stereoselective elaboration 
methodology for bound organic fragments. Particular attention has re¬ 
cently focused on the potential of the cyclopentadienyl bisphosphine ruthe¬ 
nium system to act as an organometallic auxiliary for such elaborations. 
The attractions of this system are quickly apparent. Early work by Stone 
and colleagues (i) has shown that both the chloride and the phosphines 
in (77 5 -C 5 H 5 )(PPh3)2RuCl (1) are readily replaced with a variety of other 
anionic or neutral ligands to give complexes of the form (tj 5 -C 5 H 5 )L 2 RuX 
and (77 5 -C 5 H5)L 2 RuL' + X _ . The ease and generality of these syntheses 
allow for the convenient preparation of a wide range of derivatives of the 
ruthenium auxiliary and enable the chemist to influence the reactivity of 
the bound organic moiety by controlling both the steric and electronic 
environment in the organometallic complex. Furthermore, the well- 
defined geometry and configurational stability of the ruthenium system 
allow for the synthesis of complexes with a chiral ruthenium center. This 
chirality, properly harnessed, can provide the means to conduct stereo¬ 
selective elaborations on the organic fragment. 

Recent efforts to explore the synthesis and reactivity of organotransition 
metal complexes with the cyclopentadienyl bisphosphine ruthenium auxil¬ 
iary have emphasized the potential of this system for the development of 
new organic synthetic methods, but they have also uncovered a number 
of stumbling blocks which must be overcome to achieve real success in this 
area. Future developments in the chemistry of these ruthenium complexes 
will be based on the successful application of the reactivity trends uncov¬ 
ered in the past work. The rapid expansion of studies in this field since the 
mid-1980s has made it increasingly difficult for the synthetic chemist to 
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keep abreast of recent developments, and it is the purpose of this article to 
provide a broad review of the major synthetic and elaborative reactions 
demonstrated for the (i 7 5 -C 5 H 5 )(PR 3 ) 2 RuX system. 

The review is split into two major parts. In the first part (Sections II-V), 
ligand exchange reactions, which provide the means to control the steric 
and electronic environment about the metal center, are classified and 
described. Special attention is paid to the influences of geometry and steric 
constraints on the reactivity of the ruthenium complexes. The second part 
of the review (Sections VI-X) discusses the reactivity of the organic 
fragment bound to the ruthenium auxiliary. 


II 

PREPARATION OF CYCLOPENTADIENYL BISPHOSPHINE 
RUTHENIUM COMPLEXES 

Gilbert and Wilkinson first prepared (T 7 5 -C 5 H 5 )(PPh 3 ) 2 RuCl (I) in 1969 
by reacting cyclopentadiene and tris(triphenylphosphine)ruthenium dichlo¬ 
ride ( 2 ) over a period of 2 days [Eq. (1)] (2). This preparation, however, 
suffers from a competing dimerization reaction to form the unreactive 
[(PPh 3 ) 2 RuCl 2 ] 2 . 


(PPh 3 ),RuCI 2 + C,H 6 


benzene 


yield: 60% 



( 1 ) 


In 1971, a preparation of 1 from 2 using thallium cyclopentadienide was 
reported (7) but the toxicity of thallium and the mass of the reagent needed 
render this procedure unsuitable for large-scale preparations. An im¬ 
proved method was reported by Bruce et al. (3,4), using cyclopentadiene, 
ruthenium trichloride hydrate (3), and triphenylphosphine, which gives the 
desired complex in high yield [Eq. (2)]. The primary advantage of this 
latter method is formation of the complex in one pot. 


RuC1 v 3H 2 0 



(2) 


yield: 90-95% 



Cyclopentadienyl Bisphosphine Ruthenium 


The pentamethylcyclopentadienyl analog 4 can be prepared in good 
yield (77%) using a similar procedure, although considerably longer reac¬ 
tion times are required (60 hours) (5). Complex 4 can be prepared using 
less strenuous conditions if 3 and pentamethylcyclopentadiene are first 
reacted to give polymeric pentamethylcyclopentadienylruthenium dichlo¬ 
ride, which is then treated with excess triphenylphosphine to generate the 
required ruthenium product 4 [Eq. (3)] (6,7). The corresponding indenyl 



ruthenium complex 5 can be prepared from indene, ruthenium trichloride, 
and triphenylphosphine, using a procedure similar to that used for 
(T 7 5 -C 5 H 5 )(PPh 3 ) 2 RuCl, if potassium hydroxide is added to the reaction 
[Eq. (4)] (8). The fulvalene analog 6 can also be synthesized (9,10) and can 



subsequently be converted to the heterobimetallic fulvalenyl complex 7 
[Eq. (5)] (11). 

*»,<«»„ - dihydrofulvalene „ \„_ R / 

oc / \ N 'co 

yield: 90% CO CO 



7 
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An interesting synthesis of the cyclopentadienyl bisphosphine ruthe¬ 
nium nitrosyl complex 9 involves the thermal displacement of both phenyl 
groups from (i 7 5 -C 5 H 5 )Ru(NO)Ph 2 (8) with a chelating diphosphine 
[Eq. (6)] (72). Infrared data indicate that the nitrosyl ligand is linear (3 e~ 



8 9 


donor) in complex 8 and bent (1 e~ donor) in the product 9, as is expected 
to satisfy the 18-electron rule for each complex. The reaction presumably 
occurs by initial coordination of one end of the diphosphine to the ruthe¬ 
nium with concomitant conversion of the nitrosyl from a linear to a bent 
geometry, followed by the elimination of the two phenyl rings, presumably 
as biphenyl, and coordination of the free end of the diphosphine. Addition 
of the monophosphines PPh 3 or PMe 3 to 8 gives the monophosphine 
complexes ( 10 ) containing linear nitrosyl ligands [Eq. (7)]. 



Ph PR, 

R = Ph, Me 


III 

GEOMETRY OF (t, 5 -C 5 H 5 )(PR3) 2 RuCI 

The geometry of (i 7 5 -C 5 H 5 )(PMe 3 ) 2 RuCl ( 11 ) is octahedral about the 
metal center, with the cyclopentadienyl ligand occupying three coordina¬ 
tion sites. This is evidenced by the near 90° bond angles between the 
noncyclopentadienyl ligands and the metal center seen in the crystal struc¬ 
ture of this compound (Fig. 1, Table I) (73). In 1 the increased bulk of the 
triphenylphosphine ligands relative to trimethylphosphine leads to a dis- 
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Fig. 1. X-Ray crystal structure of [(r} 5 -C 5 H 5 )(PMe 3 )2RuCI] (11) (hydrogens removed for 
clarity). 

tortion from idealized octahedral geometry owing to severe steric inter¬ 
actions between the two phosphine ligands. Although the P—Ru—P bond 
angle has increased to 104°, the P—Ru—Cl bond angles are still approxi¬ 
mately 90° (Fig. 2, Table II) (13). The instability resulting from the steric 
strain about the metal center in bistriphenylphosphine complexes leads to 
facile dissociation of a phosphine ligand, which is a key step in many of the 
reactions of this system (vide infra). 


TABLE I 
Bond Angles in 
|(iT 5 -C 5 H 5 )(PMe,) 2 RuCl] (11)“ 


Angle 

9 (degrees) 

P—Ru—P' 

94.68 

P—Ru—Cl 

89.75 

P—Ru—Cen 

122.67 

P—Ru—Cl 

90.11 

P—Ru—Cen 

126.35 

Cl—Ru—Cen 

123.32 


'Cen, C 5 H 5 centroid. 
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Fig. 2. X-Ray crystal structure of [(7} 5 -C 5 H 5 )(PPhj)2RuCl] (1) (hydrogens removed for 
clarity). 

Sterically bulky chelating diphosphines such as (R)-Ph 2 PCHMeCH 2 PPh 2 
[(R)-PROPHOS] form ruthenium complexes with P—Ru—P bond angles 
considerably smaller than those exhibited for the analogous triphenyl- 
phosphine complexes, often less than the idealized 90°. This is a con¬ 
sequence of constraints on the bite angle of the two phosphorus atoms 


TABLE II 
Bond Angles in 
[(„ 5 -C 5 H 5 )(PPh 3 ) 2 RuCl] (1)“ 


Angle 

6 (degrees) 

P—Ru—P' 

103.99 

P—Ru—Cl 

89.05 

P—Ru—Cen 

121.56 

P'—Ru—Cl 

90.41 

P'—Ru—Cen 

121.36 

Cl—Ru—Cen 

122.49 


“Cen, C 5 H 5 centroid. 
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Fig. 3. X-Ray crystal structure of (R c ,5 Ru )-[(7) 5 -C 5 H 5 )(PROPHOS)RuC 1] (hydrogens 
removed for clarity). 

imposed by the carbon backbone (Fig. 3, Table III) (14). The complete 
dissociation of chelating phosphines is not a facile process for both kinetic 
and thermodynamic reasons (15), and, consequently, reactivity of these 
complexes is often dissimilar to that of the bisphosphine analogs. 


TABLE III 

Bond Angles in ( R c , S Ru )- 
[(tj 5 -C 5 H 5 )(PROPHOS)RuC1]“ 


Angle 

0 (degrees) 

P—Ru—P' 

82.90 

P—Ru—Cl 

84.05 

P—Ru—Cen 

131.35 

P'—Ru—a 

92.93 

P'—Ru—Cen 

129.47 

Cl—Ru—Cen 

122.05 


' Cen, C 5 H 5 centroid. 
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IV 

EXCHANGE REACTIONS OF PPh 3 IN (»j 5 -C 5 H 5 )(PPh 3 ) 2 RuX 

The steric strain between the two bulky triphenylphosphine ligands 
together with the high electron density localized at the ruthenium center 
result in the ready dissociation of one triphenylphosphine ligand from 
(i 7 5 -C 5 H 5 )(PPh 3 ) 2 RuCl (1). Supporting evidence for this lability can be 
found in the analysis of mass spectrometric data for the complexes 
(i 7 5 -C 5 H 5 )(PPh 3 ) 2 RuX, which show a high abundance of the [(i 7 5 -C 5 H 5 )- 
Ru(PPh 3 )] + ion (13). Trapping the coordinatively unsaturated inter¬ 
mediate “(i 7 5 -C 5 H 5 )Ru(PPh 3 )CF’ with a variety of two-electron donor 
ligands provides a convenient route to phosphine-substituted ruthenium 
complexes (i 7 5 -C 5 H 5 )(PPh 3 )LRuCl. These complexes generally undergo a 
second substitution for the remaining bulky triphenylphosphine ligand 
[Eq. (8)], unless L is both sterically undemanding and electron with¬ 
drawing. 

,PPh} 
u—Cl 
PPh, 

A. Exchange of PPh 3 for PR 3 

Heating 1 in a nonpolar solvent (e.g., toluene or decalin) in the presence 
of excess phosphine or phosphite results in the smooth displacement of 
both triphenylphosphine ligands to give the bis-substituted ruthenium com¬ 
plexes in moderate to high yield [Eq. (9)] (5). This reaction repeated in 






L Yield(%) 
PPh 2 Me 77 

PPhMe 2 30 

PMe, 65 

PPh 2 OMe 82 

P(O'Pr), 90 
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polar solvents promotes halide ionization and the eventual generation of 
trisphosphine ruthenium salts (vide infra). The mixed phosphine derivative 
(12) is formed in high yield as a racemic mixture of the two possible 
enantiomers by refluxing 1 with an equimolar amount of PMe 3 [Eq. (10)] 


I0\ PMe, ^ 

Ru—Cl -► Ru—Cl + Cl -Ru (10) 

PPh, yield: 75% PPh, PPh, 

1 12 

Thermolysis of 1 in the presence of diphosphines such as Ph 2 PCH 2 PPh 2 
(dppm) results in displacement of both triphenylphosphine groups and 
formation of the chelated phosphine derivative ( 13 ) [Eq. (11)] (16). The 



dppm 
benzene 
(200 ml/mmol) 



( 11 ) 


yield: 80% 


13 


reaction presumably proceeds via an intermediate monodentate dppm 
complex, which then ultimately displaces the second PPh 3 ligand to form 
the bidentate product. The monodentate intermediate ( 14 ) can be isolated 
if the reaction is conducted in a limited amount of benzene since pre¬ 
cipitation of the complex occurs before displacement of the second 
triphenylphosphine ligand [Eq. (12)] (17). Conversion to the bidentate 
complex ( 13 ) is achieved simply by dissolution in additional benzene and 
heating. 


Ru—Cl 

1 

PPh, 


... Ru benzene 

ph 3 p"° i 

PPh 2 

^ 'PPh 2 

.. Ru 

1-PPh 2 

benzene 
(9 ml/mmol) 

1 


14 

13 



yield: 65% 

yield: 38% 
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Displacement of the phosphine groups in 1 by unsymmetrical bidentate 
phosphine ligands containing a chiral backbone leads to the formation of 
two diastereomers epimeric at the ruthenium center. Studies using the phos¬ 
phines 15 (R = Me, Ph, c-C 6 H u ) have shown that these ligands readily 
displace the triphenylphosphine groups at 80°C to give a 1:1 ratio of 
diastereomers 16 and 17 [Eq. (13)] (18). At lower temperatures (20°C) the 
diastereomeric selectivity increases to a maximum of approximately 4:1 



Ph 2 P PPh, 

\ _ / ‘ 

15 *R 


R = Me. Ph 
<-C 6 H m 



| Ph 2 P | 


(13) 


R 

16 17 


but with a considerable drop in yield (25%), even after stirring for 5 days. 
The two diastereomeric ruthenium complexes can be separated by frac¬ 
tional recrystallization to obtain the pure diastereomers in 30-40% yield 
(14). Epimerization of the pure diastereomers occurs at 80°C in C 6 D 5 C1 to 
give an equilibrium diastereomeric ratio of approximately 2:1, depending 
on the phosphine. This low asymmetric induction of the chiral ligand on 
the ruthenium center is presumably a consequence of the significant 
separation of the two chiral centers in the diastereomers (see Fig. 3). 

Phosphines containing other metal-binding functional groups can also 
react with (7j 5 -C 5 H5)(PPh3) 2 RuCl (1) to form bidentate complexes. For 
example, 2-styryldiphenylphosphine displaces both triphenylphosphine 
groups to give the chelated complex 18 [Eq. (14)] (19). Reduction of 18 to 



18 


the hydrido complex 19 with sodium methoxide in methanol occurs in 87% 
isolated yield. Addition of carbon disulfide to 19 yields the insertion 
product 20. An X-ray crystal structure suggests an unusual rj 3 -bonding 
mode for the dithiocarboxylate rather than the anticipated tj 2 -S,S' bonding 
[Eq. (15)]. 
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B. Exchange of PPh 3 for CO 

Stone and colleagues ( 1 ) have reported that one triphenylphosphine 
ligand in (7j 5 -C 5 H 5 )(PPh3) 2 RuCl (1) can be replaced by CO either under 
forcing carbonylation conditions (150 atm CO) or via the addition of 
Fe 2 (CO) 9 in tetrahydrofuran [Eq. (16)]. The latter reaction suffers from 



CO or Fe 2 (CO) 9 



(16) 


yield: 50 - 80% 


occasional poor yields and contaminated product (20). Direct replacement 
of a phosphine group with carbon monoxide can be conducted under much 
milder reaction conditions (2 atm CO) if sulfur is used to drive the equilib¬ 
rium to the right by removing the free triphenylphosphine as the sulfide 
[Eq. (17)] (20). 



co/s 8 


toluene 



yield: 95% 



12 


STEPHEN G. DAVIES et al. 


Decreases in electron density and steric strain at the ruthenium center on 
replacement of one PPh 3 for CO in (i 7 5 -C 5 H 5 )(PPh 3 ) 2 RuX stabilizes the 
monophosphine complex, and, indeed, all attempts to prepare the di¬ 
carbonyl species (i 7 5 -C 5 H 5 )(CO) 2 RuX via phosphine substitution have 
been unsuccessful. However, a mixture of both the mono- and disub- 
stituted carbonyl complexes can be prepared under moderately forcing 
conditions (5 atm CO) from the corresponding pentamethylcyclo- 
pentadienylruthenium complex 4 [Eq. (18)] (21). This difference in reac- 



PPh, PPh, CO 

4 ratio 5 : 2 


tivity is most likely a consequence of increases in both electron density and 
steric congestion at the metal center. Pure monosubstituted complex can 
be prepared in good yield by heating 4 in the presence of formic acid 
[Eq. (19)]. Presumably, the carbonyl hydride is the initial product which is 
converted to the chloride complex on work-up in CH 2 C1 2 . 



C. Exchange of PPh 3 for C, N, and S Donor Ligands 

Bruce and Wallis (22) have reported that heating 1 in the presence of 
isocyanides results in the replacement of one of the triphenylphosphine 
ligands in high yield [Eq. (20)]. Isocyanides have steric and electron-with- 



PPhi PPh, 

, R = 'Bu 


f-C 6 H n yield: 80-95% 

p-MeOC 6 H 4 
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products can be broken into two classes: the first class binds to ruthenium 
via sulfur, whereas the second class binds via nitrogen [Eq. (25)] (24). 


\ / 

Ru—Cl 

I 


\ / 


r ^ s= ( 

, N * 

°K 


R | = 2-pyrrole 

2-thiophene /Jol R 
4-toluene /Or Cl 
Ri = OEt ' 

NHC h H, 


\ /" )= S 
Ru — . 

I 


'3 > 0 


Ri = 2-pyrrole 
Rj = OEt 


(25) 


R| = 2-thiophene 
R 2 = OEt 


yield: 50-60% 

Dithiocarboxylate anions with a range of electronic and steric properties 
thermally displace both the chloride ion and one of the triphenylphosphine 



Cyclopentadienyl Bisphosphine Ruthenium 15 

groups from 1 to afford the r/ 2 -S,S' bound complexes (26) in varying yields 
[Eq. (26)] (25). 



ms 2 cx 


M = Na, K, NH 4 
X = OR, NR 2 , CN 

yield: 40-90% 



(26) 


The tetrathiometallates [MS 4 ] 2 (M = Mo, W) combine with 1 to form 
the air-stable, sulfur-bridged trimetallic species 27 [Eq. (27)] (26). The 



(Ph 4 P) 2 MS 4 

CHjCN 

M = W, Mo 



27 

yield: 50-80% 


(27) 


corresponding tetraselenometallates can be formed in a similar fashion. 
The triphenylphosphine groups in 27 are readily exchanged for other 
phosphines in a manner similar to that of (ij 5 -C s Hs)Ru(PPh 3 ) 2 Cl. Surpris¬ 
ingly, only one of the two phosphine ligands can be exchanged for CO 
[(Eq. (28)]. This would imply that the electron-withdrawing effect on the 
substituted ruthenium center may be transmitted through the metal thiol- 
ate bridge to the second center. 



Ph,P 


CO 

CHjCI* 



Ph,P 


\c/ Vo 


(28) 


27 


Displacement of both phosphine ligands and the halide ion in (tj 5 -C 5 H 5 )- 
(PPh 3 ) 2 RuX can occur under certain conditions. For example, the addition 
of sodium tetraphenylborate to 1 in refluxing methanol affords the interest¬ 
ing sandwich compound (28) with one of the phenyl groups of BPh 4 ~ 
rj 6 -bonded to the ruthenium atom [Eq. (29)] (27). Similarly, reaction of 1 
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r \ / 

Ru—Cl 

I 


KU 


(29) 


with thiophene in the presence of AgBF 4 gives complex 29 in moderate 
yield [Eq. (30)] (28). 


/ PPhl 

Ru—Cl 




bf 4 (30) 


V 

EXCHANGE REACTIONS OF X IN (t, 5 -C 5 H 5 )(PR 3 ) 2 RuX 

Whereas exchange reactions of (i 7 5 -C 5 H 5 )(PPh 3 ) 2 RuX in nonpolar sol¬ 
vents generally result in the substitution of phosphine ligands, reactions in 
polar solvents lead to halide exchange. This section reviews general 
methods for ligand substitution of the halide in (i 7 5 -C 5 H 5 )L 2 RuX. Although 
the majority of examples given involve ligand substitution within the 
“parent compound” (T 7 S -C 5 H 5 )(PPh 3 ) 2 RuCl (1), it should be emphasized 
that similar reactivity is generally observed for other (i 7 5 -C 5 H 5 )L 2 RuX 
compounds. 

A. Exchange of X for X' 

Treatment of 1 with a variety of inorganic salts MX in polar solvents 
leads to the displacement of Cl“ for X - . The reaction most likely involves 
predissociation of the chloride ion followed by attack of the exchanging 
anion X" at the coordinatively unsaturated ruthenium center [Eq. (31)]. 
Conductivity tests indicate that although (Tj 5 -C 5 H 5 )(PPh 3 ) 2 RuCl is a non¬ 
electrolyte in acetone, appreciable ionic behavior develops in donor 
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S = solvent 



I 

PPh, 


+ MCI 


(31) 


solvents such as methanol, indicating that dissociation to the solvent- 
stabilized salt is a significant reaction (27). 

The electron-rich ruthenium center can render the bound X ligand 
nucleophilic as has been demonstrated by the reactions of (rj 5 -C 5 H 5 )- 
(PPh 3 ) 2 Ru—C=N (30) with a variety of electrophiles. Baird and Davies 
have shown, for example, that addition of alkyl halides to 30 gives the 
corresponding isocyanides in moderate yield [Eq. (32)] (29). Other 



PPh, 

30 


RX 


RX Yield(%) 

Erl 45 


CH 2 =CHCH->Br 44 
PhCH,Br “ 45 

ICH,CH 2 OH 38 


/ 3 \ /"■' 

Ru—CNR X (32) 
PPh 3 


electrophiles, including [Me 3 0]BF 4 (22), Mel (30), BF 3 , (31), and HBF 4 
(31), react similarly to give isonitrile-type derivatives. Interesting cyano- 
bridged bimetallic complexes can also be formed by reaction of (t 7 5 -C 5 H 5 )- 
(PR 3 ) 2 Ru—C=N with (t, 5 -C 5 H 5 )(PR' 3 ) 2 MC1 [Eq. (33)] (32). 



30 L, L'=PPh,. dppe 

B. Exchange of X for R 

The reaction of 1 with primary Grignard reagents is the most ver¬ 
satile route to alkyl complexes of type 31 [Eq. (34)] (33). More hindered 
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pph, R Yield (%) PPh, 

• Me 52 31 

Et 31 


n-Bu 70 

CH 2 CHMe 2 52 

secondary and tertiary alkyl Grignard reagents, however, generally fail to 
give the anticipated ruthenium alkyl complexes, forming instead the hyd¬ 
ride complex 32 and free alkene [Eq. (35)]. One exception to this observa- 



hV 



(35) 


tion is the reaction of 1 with cyclopropylmagnesium bromide which affords 
the cyclopropylruthenium complex 33 in high yield [Eq. (36)] (33). 



PPh, PPh, PPh, 

1 33 32 


yield; 87% 7% 

The mechanism for alkylation with Grignards has been proposed by 
Lehmkuhl et al. (33) to involve a concerted halide and alkyl transfer 
between Mg and Ru (Scheme 1, Path A). The propensity of bulky, non- 
strained secondary and tertiary alkyl Grignard reagents with /3 hydrogens 
to act as hydride donors (34) would explain the formation of 32 in these 
reactions, invoking a similar concerted exchange (Scheme 1, Path B). The 
strained cyclopropyl Grignard reagent is both a poor hydride source and 
relatively small, which explains the formation of the secondary alkyl- 
ruthenium product in this case. 
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Stereochemical studies by Morandini and Consiglio and colleagues, on 
the reaction of Grignard reagents with the separate epimers of (tj 5 -C 5 H 5 )- 
[(R)-PROPHOS]RuC 1 (34 and 35) support the mechanisms shown in 
Scheme 1 since they indicate that the formation of both alkyl and hydride 
products proceeds with retention of configuration at the ruthenium center 
[Eqs. (37) and (38)] (35). It should be noted, however, that dissociative 
pathways to the alkyl complexes via coordinatively unsaturated ruthenium 



R c Rr u r c r Ru 


Similarly, R c S Ru (35)-R c S Ru 
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Ph 2 P'"' 1 
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(38) 

R c s Ru 

R C S Ru 

RcSru 

35 

Similarly, R c R Ru (34) -► R c R Ru + RcR Ru 

intermediates cannot be ruled out as a consequence of the observed stereo- 


selectivity of this reactions since there is growing evidence that these 
unsaturated intermediates can retain their stereochemical integrity at the 
metal center (vide infra). Another potential route to the hydride complex 
32, involving initial alkylation at ruthenium followed by loss of phosphine, 
/3-hydrogen elimination, and finally phosphine substitution for alkene, is 
apparently incompatible with these stereochemical studies as this mecha¬ 
nism would result either in overall inversion of configuration at the ruthe¬ 
nium center or in epimerization (33). 

Grignard reagents derived from the alkyl chloride are generally pre¬ 
ferred over those from the bromide or iodide. For example, MeMgl reacts 
with (T/ 5 -C 5 H 5 )(PPh 3 ) 2 RuCI to give (7j 5 -C s Hs)(PPh 3 )2RuI rather than the 
anticipated methyl complex (T) 5 -C 5 H 5 )(PPh 3 ) 2 RuMe ( 1 ). Also, Tilley et al. 
have found that (T) 5 -C 5 Me 5 )(PMe 3 ) 2 RuCl reacts more rapidly with RMgCl 
than RMgBr to give ruthenium alkyl complexes in high yield [Eq. (39)] 
(36). 



FAST 


This trend reflects the relative Lewis acidity of the Mg center in the 
Grignard reagents and presumably their relative ability to abstract chloride 
from the ruthenium complex. 

Although not generally as useful as the Grignard reagents, alkyllithium 
reagents have been used with some success in alkylation reactions. For 
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example addition of MeLi [Eq. (40)] or C 6 F 5 Li [Eq. (41)] to 1 gives the 
corresponding methyl- and perfluorophenylruthenium complexes 36 and 
37 in good and marginal yield, respectively (7). 



1 37 


C. Exchange of X for H 

As mentioned above, reducing Grignards provide one method for the 
conversion of (7j 5 -CsH 5 )(PPh3) 2 RuX to the air-stable yellow crystalline 
hydride 32; this route, however, is neither particularly clean nor cost 
effective. Stone and colleagues found that the reaction of LiAlH 4 with 
(7j 5 -C 5 H 5 )(PPh 3 )2RuX gives 32 (7), but this synthesis is hampered by 
variable yields and the generation of a colorless trihydride side product 
(38) on displacement of a phosphine ligand [Eq. (42)] (37). Since the 



l 32 38 


monohydride converts to the trihydride only very slowly in hot THF in the 
presence of LiAlH 4 , it is unlikely that 32 is a precursor to 38. The further 
observation that treatment of (7j 5 -C 5 H 5 )(PPh3)2RuCl (1) with LiAlD 4 fol¬ 
lowed by water gave 38 containing approximately 30% H at the metal 
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Scheme 2 


center suggests that the mechanism shown in Scheme 2 is the most plausi¬ 
ble for the formation of the two products (37). 

The reaction of NaOMe on (7j s -C 5 H 5 )(PPh 3 ) 2 RuX in refluxing MeOH 
provides the best synthesis of 32 (38,39). The most likely mechanism 
involves S N 1 displacement of chloride for methoxide at the metal center 
followed by rapid /3-hydrogen elimination and concurrent loss of for¬ 
maldehyde to give (T) 5 -C 5 H 5 )(PPh 3 ) 2 RuH [Eq. (43)]. Conversion of the 



\ / 

Ru-r-CL 

I C Vs / H ’ 

PPhTH 



O 


- A 


H H 


(43) 


hydride complexes (tj 5 -C 5 H 5 )(PR 3 ) 2 RuH back to the corresponding 
halides (i 7 5 -C 5 H 5 )(PR 3 ) 2 RuX is easily accomplished by treatment with a 
suitable polyhalogenated alkane or HX. For example, treatment of 32 with 
Cl 3 CCH 2 OH smoothly affords the original chloride complex 1 in near 
quantitative yield [Eq. (44)] (38). 
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(44) 


D. Exchange of X for L 

Exchange of X for a neutral two-electron donor ligand L, including, for 
example, CO {13,27,40), MeOH (27), RCN ( 1,13,16,40-43 ), Py (40,44), 
PR 3 (13,16), P(OR) 3 (16), alkenes (40,45,46), alkynes (45,46), and CS 2 
(46), generates ruthenium salts of the form (i 7 5 -C 5 H 5 )(PR 3 ) 2 RuL + X _ . The 
general mechanism involves initial ionization of the complex to form the 
coordinatively unsaturated intermediate 39. Competitive attack on 39 by L 
or X“ affords the substituted product or regenerates the starting material, 
respectively [Eq. (45)]. The relative nucleophilicity of X“ and L, the 
polarity of the solvent, and the steric constraints imposed by the two 
phosphine ligands are all important factors influencing the equilibrium 
between the neutral and charged species. 



39 


Treichel and colleagues have measured the relative rates of substitution 
of X” for CD 3 CN (41) and DMSO-d 6 (47) in a number of complexes 
(i 7 5 -C 5 H 5 )(PPh 3 ) 2 RuX, and they have been able to correlate the dis¬ 
sociation rate of X" to the relative electron-donating properties of the 
phosphines. It was found, for example, that the rate of chloride sub¬ 
stitution for DMSO-d 6 is around 100 times faster in (7) 5 -C 5 H 5 )(PMe 3 ) 2 - 
RuCl than in (77 5 -C 5 H 5 )(PPh 2 OMe) 2 RuCl, presumably owing to the 
greater stability of the unsaturated cationic intermediate with the more 
electron-donating PMe 3 ligands. Replacement of the counterion X" with 
a less nucleophilic anion such as PF 6 “ or BF 4 “ may be necessary to drive 
the reaction completely over to the salt. The removal of the free halide 
anion is most easily accomplished by precipitation as the Ag(I) or T1(I) 
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salt. Precipitation of the ruthenium complex as the halide salt will also 
push the equilibrium to the right. 

The stereochemical consequences of L for X - exchange at the ruthe¬ 
nium center have been studied by Morandini et al. (48). Using the pure 
epimers 34 and 35, it was determined that the exchange of chloride for 
acetonitrile proceeds stereospecifically with retention of configuration at 
ruthenium [Eq. (46)] (48). This study provides good evidence that the 
stereochemical integrity of the ruthenium center is maintained in the 
coordinatively unsaturated intermediate formed on loss of Cl - . 



RcRru R c Rru (>95% d.e.) 

34 


Similarly, R c S Ru (35)-*- R c S Ru 

Intramolecular displacement of halide ions has also been observed in 
several appropriately substituted complexes. For example, the thiophene 
unit tethered to the cyclopentadienyl ring in complex 40 can be induced to 
displace the chloride and form the sulfur-bound ruthenium cation 41 shown 
in Eq. (47) (49). 



Treatment of (i 7 5 -C 5 H 5 )(PPh 3 ) 2 RuCl with the tridentate ligands TRI¬ 
POD [(Ph 2 PCH 2 ) 3 CMe] or TRIPHOS [(Ph 2 PCH 2 CH 2 ) 2 PPh] affords the 
tridentate ruthenium salts [(tj 5 -C 5 H 5 )(TRIPOD)Ru]C 1 and [(t) 5 -C 5 H 5 )- 
(TRIPHOS)Ru]C 1, respectively (50,51). The mechanism presumably 
involves the chelation-aided systematic replacement of the two triphenyl- 
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phosphine ligands and the chloride by the tridentate phosphine as shown in 
Eq. (48) for the TRIPHOS example. 



triphos/nh 4 pf 6 

refluxing toluene 
-PPH 3 






?\ y 

, p PhP 

! VJ 


(48) 


An unusual route to the formation of (t 7 5 -C 5 H 5 )(PR 3 ) 2 RuL + from 
(i 7 5 -C 5 H 5 )(PR 3 ) 2 RuX involves the transformation of the X ligand to the L 
ligand. Methylation of 42 with MeS0 3 CF 3 yields the highly reactive salt 43 
which can be used as a potent methylating reagent for a wide range of 
nucleophiles [Eq. (49)] (52). 



CFjSOjCHj _ _ lv 

Ph 2 P'" 1 

- ^ . Ru Vu CFiSOi 

ch 2 ci 2 Ph 2 p-' 1 CHl 

l ,PPh 2 

yield: 85% 


42 43 


E. Reactions of (r] s -C s Hs)(PR^ 2 RuX with Electrophiles 

The electron-rich ruthenium center of (i 7 5 -C 5 H 5 )(PR 3 ) 2 RuX combines 
with certain electrophiles E + to generate highly reactive cationic addition 
complexes susceptible to elimination-substitution reactions, as shown in 
Eq. (50). 
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1. Reactions of (rf-C 5 H S )(PPh 3 ) 2 RuX with Acids 

Treatment of (r ? 5 -C 5 H 5 )(PMe 3 ) 2 RuCl ( 11 ) (53) or (Tj 5 -C 5 Me 5 )(PMe 3 ) 2 - 
RuMe (54) with noncomplexing acids such as HPF 6 or HBF 4 leads to the 
protonated complexes 44 and 45 , respectively [Eqs. (51) and (52)]. Un¬ 
fortunately, the geometry and stereochemistry of these species are un¬ 
known. 



PF 6 (51) 


BF 4 - (52) 


A similar reaction of the basic (i 7 5 -C 5 H 5 )(PMe 3 ) 2 RuX with complexing 
acids HA, however, results in ultimate formation of the substitution prod¬ 
uct (i 7 5 -C 5 H 5 )(PMe 3 ) 2 RuA. Bryndza et al. (54) have taken advantage of 
the generality of this reaction to measure the equilibrium constants for the 
reaction of (i 7 5 -C 5 Me 5 )(PMe 3 ) 2 RuA with HA' for a wide range of A and 
A' [Eq. (53)]. The electron-rich (i 7 5 -C 5 Me 5 )(PMe 3 ) 2 RuA system was 
chosen for the study to facilitate formation of cationic species during the 
course of the reaction. The equilibria data, together with the K a values for 
HA and HA', were used to estimate the relative homolytic and heterolytic 
dissociation energies for the [(i 7 5 -C 5 Me 5 )(PMe 3 ) 2 Ru]—A bond. The 
observed homolytic bond strengths were of the order Ru— (sp)C > 
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PMe, PMe, 


Ru—O > Ru—H > Ru—(sp 3 )C > Ru—NR 2 , and can be correlated to 
the bond dissociation energies of H—A. 

Addition of HPF 6 or HBF 4 to (i 7 5 -C 5 H 5 )(L A L)RuH [L A L = chelating 
diphosphines Ph 2 P(CH 2 ) n PPh 2 , n = 1, 2, 3] generates the anticipated di¬ 
hydride species 46 in equilibrium with the rj 2 -dihydrogen complexes 47 
[Eq. (54)] (55,56). Molecular hydrogen bound to a metal center represents 



HPF ft 
= 1.2.3 


\+^H 
..Ru 
Ph 2 P"" j >h 
I _PPhi 

(CH 2 >r ■ 
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<cH 2) r 




(54) 


46 


47 


an important potential intermediate in the activation of dihydrogen by 
transition metal complexes, and work done with the ruthenium examples 
described above, including deprotonation and H/D exchange reactions, 
provides information on the synthesis and reactivity of these complexes 
complementary to that of the Mo (57) and W (57,58) examples studied by 
Kubas and colleagues. 


2. Insertion of Electrophiles into the Ru—X Bond 

An interesting class of reactions of (tj 5 -C 5 H 5 )(PR 3 ) 2 RuX involves the 
insertion of certain electrophiles (E) into the Ru—X bond [Eq. (55)]. 



Bruce has shown that 32 reacts with CS 2 over 12 hours to give the p x -S- 
dithioformate insertion product 48 in high yield [Eq. (56)] (39). Although 
the mechanism of this reaction has not been determined, a reasonable 
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32 48 

route involves initial loss of a phosphine ligand, followed by coordination 
of the CS 2 unit, which then inserts into the Ru—H bond with recoordina¬ 
tion of phosphine. 

A more recent example by Bruce et al. (59) of CS 2 insertion into the 
Ru—C bond of an acetylide complex yields the T^-S.S-dithiocarboxylate 
complex 49. Again, the most likely mechanism involves initial replacement 
of a phosphine ligand for CS 2 followed by insertion into the Ru—C bond. 
In contrast to the dithioformate example, however, the rj'-dithiocarbox- 
ylate complex rearranges to the tj 2 - complex rather than recoordinating 
phosphine [Eq. (57)]. 



Similarly, stannous chloride can insert into the Ru—Cl bond of 1 to yield 
the bimetallic complex 50 [Eq. (58)] (i). Consiglio and Morandini and 




yield: 95‘ 


50 



Cyclopentadienyl Bisphosphine Ruthenium 


29 


colleagues have conducted a stereochemical study of the SnCl 2 insertion 
with the separate epimers 34 and 35 and found that the reaction proceeds 
stereospecifically with net retention of configuration at the metal center 
[Eq. (59)] (60). The high stereospecificity of the insertion rules out phos- 



RcRru R c S Ru 

34 


Similarly, R c S Ru (35)-*- R c R Ru 


phine dissociation during the reaction, and a plausible mechanism involves 
initial formation of the tight ion pair 51, retaining stereochemical integrity 
at the metal center, which eventually collapses to 52 (Scheme 3). 



Ph 2 P'"‘" 1 


SnCI 2 




51 



Scheme 3 



30 


STEPHEN G. DAVIES et al. 


VI 

RUTHENIUM ACETYLIDE, VINYLIDENE, AND 
CARBENE COMPLEXES 

A wide range of complexes can be readily derived from (tj 5 -C 5 H 5 )- 
(PPh 3 ) 2 RuCl (1) and terminal acetylenes. Thus, treatment of methanol 
solutions of 1 with a terminal acetylene generates, presumably via the 17 2 
intermediate 53, the vinylidene cation (54). Deprotonation of 54 with weak 
bases generates the 17 1 -acetylide complexes (55), which may also be pre¬ 
pared directly from 1 with lithium acetylides. The acetylide complexes (55) 
are nucleophilic at the /3 carbon, protonating to regenerate 54 or reacting 
with a variety of electrophiles to give the disubstituted vinylidene cation 

(56) . The cationic vinylidene complexes (56 and 54) are electrophilic at the 
a carbon and react with nucleophiles to generate the r/-vinyl complex 

(57) . Complex 57 is, in turn, nucleophilic at the /3carbon, reacting withelec- 
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trophiles to generate the cationic carbene complex (58). Finally, nucleo¬ 
philic addition to the a carbon of 58 generates the alkyl complexes (59) 
(Scheme 4). The ease and versatility of these interconversions make them 
potentially extremely useful for synthesis (vide infra). 

A. Ruthenium Acetylide Complexes 
1. Preparation 

As described in Section V,B, ruthenium-carbon bonds can be formed by 
the reaction of (i 7 5 -C 5 H 5 )(PPh 3 ) 2 RuCl with a variety of metal alkyl re¬ 
agents. This route can also be applied to the synthesis of acetylide com¬ 
plexes with varying success. Consiglio and Morandini and colleagues have 
shown, for example, that the addition of lithium phenylacetylide to 
(tj 5 -C 5 H 5 )[(/?)-PROPHOS]RuC 1 (34) affords the acetylide complex (60). 
The substitution was found to occur with retention of configuration at the 
ruthenium center for both epimers of the ruthenium complex [Eq. (60)] 
(61). This is consistent with the short-lived coordinatively unsaturated 
intermediate formed on dissociation of Cl" being configurationally stable 
on the time scale necessary for the attack of the acetylide to occur (see 
Section V,D). 


... Ru Li—C=C-Ph 

..Ru- 

Ph,P"' 1 -► 

V PPh! 

Ph,P"‘ 1 

V Ph! 

R C R Ru 

R c r r u 


34 


60 


Similarly, R c S Ru (35)-»- R c S Ru 


In contrast to the lithium acetylide reaction, addition of copper(I) 
phenylacetylide to (T 7 5 -C 5 H 5 )(PPh 3 ) 2 RuCl (1) affords the monomeric 
ruthenium acetylide-copper chloride adduct (62) as the major product. An 
X-ray crystal structure of this complex reveals an Tj',i 7 2 -bridging acetylide 
between the ruthenium and copper centers, respectively (62). A small 
amount of the dimeric chloride bridged complex 61 was also isolated. The 
copper chloride can be removed from the monomeric complex by the 
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63 62 


Scheme 5 


addition of TRIPOD to give the ruthenium acetylide complex (63) in 
moderate yield (Scheme 5). No reaction occurs on addition of a non¬ 
chelating phosphine (e.g., PPh 3 ) to the copper complex (63). 

Although the reaction of copper acetylides with transition metal halides 
has been successfully applied to the preparation of a variety of transition 
metal acetylides (64), the generation of copper-complexed derivatives is 
not unprecedented (65). A simpler and more general route to ruthenium 
acetylide complexes involves the deprotonation of ruthenium vinylidene 
complexes as described in Section VI,C. 


2. Geometry 

An X-ray crystal structure of (i 7 5 -C 5 H 5 )(PPh 3 ) 2 Ru—C=CPh (63) (66) 
(Fig. 4) again shows the octahedral geometry about the ruthenium center 
with a slight distortion of the P—Ru—P angle owing to the steric bulk of 
the two adjacent triphenylphosphine ligands (Table IV). A recurring prin¬ 
ciple in the chemistry of unsaturated organic groups bound to (t 7 5 -C 5 H 5 )- 
(PR 3 ) 2 Ru is that steric constraints imposed by bulky phosphine ligands 
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moved for clarity). 

influence the conformation, and potentially the reactivity, of the un¬ 
saturated organic moiety. In the above complex, the acetylenic phenyl 
group is forced to lie in the plane bisecting the phosphine groups, slotted 
between one phenyl ring of each phosphine, as best shown in the space 
filling representation (Fig. 5). 


TABLE IV 


Bond Angles in 

[(T, 5 -C 5 H 5 )(PPh 3 ) 2 Ru-C=CPh] (63)“ 


Angle 

9 (degrees) 

P—Ru—P' 

100.84 

P—Ru—C 

89.17 

P—Ru—Cen 

123.48 

P'—Ru—C 

88.54 

P'—Ru—Cen 

122.53 

C—Ru—Cen 

123.04 


“Cen, C 5 H 5 centroid. 
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Fig. 5. Space filling representation of [(i) 5 -C 5 H 5 )(PPlb)2Ru—CsCPh] (63) (hydrogens 
removed for clarity). 

B. Monosubstituted Ruthenium Vinylidene Complexes 

1. Preparation 

The interaction of an alkyne with (t^-CjHsXPR^RuX can result in the 
formation of a wide variety of ruthenium complexes. The nature of the 
products formed depends on the conditions used and the type of alkyne 
reacted. Reactions between 1 and terminal alkynes in the presence of 
ammonium hexafluorophosphate lead to the formation of cationic mono¬ 
substituted ruthenium vinylidene complexes in high yield, as shown for 
phenylacetylene in Eq. (61) (4,67,68). 
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Consiglio and Morandini and co-workers (67) have investigated the 
stereochemistry involved in the addition of acetylenes to chiral ruthenium 
complexes. Reaction of propyne with the separated epimer of the chiral 
ruthenium phosphine complex 34 at room temperature results in the 
chemo- and stereospecific formation of the respective propylidene com¬ 
plex 64. An X-ray structure of the product (64) proves that the reaction 
proceeds with retention of configuration at the ruthenium center. The 
identical reaction utilizing the epimer with the opposite configuration at 
ruthenium (35) also proceeded with retention of configuration at the 
metal center, proving that the stereospecificity of the reaction in not under 
thermodynamic control [Eq. (62)]. 
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NH 4 PF 6 
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( c R Ru 

64 


Similarly. R c S Ru (35)-R c S Rll 

Similar reactions of 34 and 35 with phenylacetylene at room temperature 
are also stereospecific, and they are presumed to occur with retention of 
configuration at the metal center by analogy to the propyne reactions. 
When these reactions are performed in refluxing methanol, both chemo- 
selectivity and stereospecificity are lost, with almost equal amounts of the 
two benzylidene diastereomers (65 and 66) and a small amount (10-15%) 
of the methanol adducts (67) (vide infra ) being formed from 34 [Eq. (63)]. 
The individual benzylidene epimers 65 and 66 do not epimerize at the 
ruthenium center in refluxing methanol, which indicates that the loss of 
stereochemical integrity occurs prior to addition of the acetylene. 


2. Mechanism 

Silvestre and Hoffmann have considered the conversion of ruthenium 
acetylide complexes to the corresponding vinylidene species using extended 
Hiickel molecular orbital calculations (69). Although the rearrangement of 
free acetylene to its vinylidene isomer is thermodynamically disfavored, 
their results indicate that the transformation becomes thermodynamically 
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favorable on complexation of the starting acetylene and product vinylidene 
to an appropriate metal fragment ML„ (Fig. 6). 

Analysis of the intimate mechanism for conversion of L„M- 
(7) 2 -HCsCH) to L„M=C=CH 2 suggests that the reaction most likely 
involves initial slippage of the acetylene from an tj 2 - to an rj’-binding 
mode. In this geometry, positive charge develops on the /3 carbon, and 
hydrogen transfer in a “1,2-hydride shift” type mechanism with concurrent 



Fig. 6. 
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Scheme 6 
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further migration of the ML„ fragment onto the C a -Cp axis gives the 
product vinylidene species (Scheme 6). Silvestre and Hoffmann (69) sug¬ 
gest that the reaction is analogous to the isomerization of methyl vinyl 
cation since ML„ is isolobal with CH 3 . 

An intermolecular version of this rearrangement involving dissociation 
of the acidic proton on C a of the slipped acetylene, followed by re¬ 
protonation of an intermediate acetylide (discussed in Section VI,C), must 
also be considered as a potential route to the cationic ruthenium vinylidene 
species (Scheme 7). Unfortunately, to date this mechanism has not been 
addressed experimentally or theoretically. 

Another mechanism for the rearrangement involving insertion of the 
ruthenium into the C—H bond of the acetylene, followed by hydride 
migration to the /3 carbon, was also explored by Silvestre and Hoffmann 
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Scheme 7 

(Scheme 8). Although the insertion step forming the intermediate acety¬ 
lene hydride complex appears feasible, the migration of hydride from the 
metal to the /3 carbon is energetically too costly for this to be a significant 
pathway for the reaction (69). 


3. Geometry 

Kostic and Fenske, in their general study of the bonding of unsaturated 
ligand moieties to metal fragments of the form (i 7 5 -C 5 H 5 )L 2 M, determined 
that the preferred geometry of the vinylidene unit has the plane containing 
the /3-carbon constituents perpendicular to the symmetry plane of the 
molecule (Fig. 7) (70). Fenske-Hall self-consistent field calculations con¬ 
ducted on (i 7 5 -C 5 H 5 )(PH 3 ) 2 Ru=C=CH 2 indicate that the maximum n 
stabilization between metal and a carbon arises from interaction of the 
p-type orbital on the unsaturated organic fragment lying in plane with the 
molecular orbital of 2a" symmetry on the metal fragment. In this case, 
however, the difference in molecular energy for the vertical and horizontal 
geometries of the vinylidene unit is small (<2 kcal), and steric interactions 
between the substituents of the vinylidene and the bulky phosphine ligands 
would be anticipated to stabilize the horizontal geometry shown in Fig. 7 
relative to the vertical geometry. 

Several X-ray crystallographic studies of [(tj 5 -C 5 H 5 )(PR 3 ) 2 - 
Ru=C=CRR'] + cations have been reported (61,71), and, in all cases, 
the vinylidene fragment lies orthogonal to the plane bisecting the 
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Scheme 8 
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P—Ru—P angle as predicted. The structure of the methylvinylidene ca¬ 
tion [(T 7 5 -C 5 H 5 )(PMe 3 ) 2 Ru=C=CHMe] + (68) (72) clearly shows the 
linearity of the vinylidene unit (Fig. 8a) and its orthogonal relationship 
with the plane bisecting the P—Ru—P angle (Fig. 8b). 



Fig. 8. X-Ray crystal structure of [(Tj 5 -C 5 H 5 )(PMe3)2Ru=C=CHMe]PF 6 (68) (some 
hydrogens and PF 6 ~ counterion removed for clarity). 
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Replacement of the two trimethylphosphine ligands for the chelating 
(R)-PROPHOS results in a considerable decrease of the coordination 
space available to the vinylidene fragment. As a consequence, the plane of 
the vinylidene unit is tipped slightly with respect to the idealized orthogo¬ 
nal geometry seen in complex 68 to minimize steric interaction between the 
terminal methyl group and the phosphine ligand (Fig. 9) (61). In the space 
filling representation (Fig. 10), two phenyl rings of the diphosphine in this 
complex are seen to be oriented in a manner which partially protects C„ 
and Cp from the approach of reactants, and it is not surprising that, as seen 
by Bruce and Swincer (73), the reactivity of the vinylidene fragment to 
nucleophiles is inversely dependent on the size of the attached phosphines 
(vide infra). Disubstituted vinylidene complexes exhibit a similar basic 
geometry to the monosubstituted cases as determined by several crystal 
structures (66,71,74). 

A second 7r interaction between that n* orbital of the organic group and 
a molecular orbital of a' symmetry centered on the metal fragment 
(Fig. 11), although of less energy than the former 7rinteraction, results in a 
calculated bond order between M and C a of between 2 and 3 and, more 
importantly, indicates that rotation of the vinylidene unit about the M-C a 
bond should be facile. This prediction is easily deduced from the lone pair 





Fig. 9. X-Ray crystal structure of (« c ,5 Ru )-[(r^-C 5 H 5 )(PROPHOS)Ru=C=CHMe]PF 6 
(some hydrogens and PF 6 _ counterion removed for clarity). 
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Fig. 10. Space filling representation of (f? c ,5 Ru )-[(ij s -C 5 H 5 )(PROPHOS)Ru=C= 
CHMe]PF 6 (some hydrogens and PF 6 ~ counterion removed for clarity). 


counting rules of Davies and colleagues (75) which simply state that for 
pseudooctahedral systems with at least two available lone pairs of elec¬ 
trons such as (t^-CsHs^RuX rotation about metal-carbon bonds with 
tt—it interactions is stereoelectronically facile. 

Dynamic NMR studies by Consiglio and Morandini on [(t 7 S -C s H 5 )- 
(dppe)Ru=C=CHPh] + verify this prediction by determining that the two 
31 P-NMR signals observed at low temperature coalesce at 194 K, in¬ 
dicating rapid rotation on the NMR time scale about the Ru=C bond 
[Eq. (64)] (76). A barrier to rotation of 9.1 kcal/mol was calculated for 
this complex by standard coalescence analysis of the variable-temperature 
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NMR data. Similar energy barriers were determined for a number of other 
vinylidene complexes in this study. 

Interestingly, if the separate epimers of the (/?)-PROPHOS complexes 
{(tj 5 -C 5 H 5 )[(/?)-PROPHOS]Ru=C=CHR} + are employed, then the two 
rotamers of the vinylidene are diastereomeric [Eq. (65)]. Consiglio and 
Morandini (76) found that the difference in population of these inter¬ 
changeable conformers appears to be controlled by steric factors and 
presumably reflects the relative ability of the two rotamers to fit into the 
chiral pockets formed by the phosphines. 







(65) 


C. Interconversion between Vinylidenes and Acetylides 

The monosubstituted vinylidene complexes are readily deprotonated 
with a variety of mild bases (e.g., MeO“, CO} 2- ), and this reaction 
constitutes the most convenient route to ruthenium acetylide complexes. 
Experimentally the deprotonation is most easily achieved by passing the 
vinylidene complex through basic alumina. Addition of a noncomplexing 
acid (e.g., HPF 6 ) to the acetylide results in the reformation of the vinyl¬ 
idene complex [Eq. (66)]. Reaction of 1 and terminal alkynes such as 
phenylacetylene in methanol followed by the addition of an excess of 
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sodium to generate sodium methoxide gives a high-yielding one-pot syn¬ 
thesis of ruthenium acetylides [Eq. (67)] ( 4 ). 




yield: 96% 


D. Disubstituted Ruthenium Vinylidene Complexes 

Addition of internal alkynes to (i 7 5 -C 5 H 5 )(PR 3 ) 2 RuCl does not lead to 
the formation of the corresponding disubstituted vinylidene (6S). The 
failure of this reaction could reflect the relative difficulty of a 1,2-alkyl shift 
for internal alkynes as compared to the 1,2-proton shift for the successful 
rearrangement of terminal alkynes (Scheme 9). Alternatively, if the depro¬ 
tonation-reprotonation route is important in the rearrangement of termi¬ 
nal alkynes (vide supra), then clearly internal alkynes would not undergo a 
similar isomerization. 

Theoretical studies indicate that electron density in the HOMO of the 
metal acetylide complex is concentrated on the /3 carbon, and consequently 






PPh, 




Scheme 9 
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this carbon is rendered nucleophilic (70). The protonation of acetylide 
complexes to generate the monosubstituted vinylidenes demonstrates the 
nucleophilicity of the /8 carbon (Section VI,C). Addition of other elec¬ 
trophiles to ruthenium acetylide complexes provides the most convenient 
route to disubstituted vinylidene complexes. For example, the reaction of 
[Me 3 0]PF 6 with the phenyl acetylide complex 63 generates the cationic 
vinylidene species (69) [Eq. (68)] (65). Reaction also occurs under con- 



ppl b yield: 93% pp hi 

63 69 


( 68 ) 


siderably milder conditions than perhaps the above example implies, as 
evidenced by the formation of the methyl-, ethyl-, and benzyl-substituted 
vinylidene complexes on treatment of (7) 5 -C 5 H5)(PPh 3 ) 2 Ru—C=CMe 
(70) with Mel, EtI, and PhCH 2 Br, respectively [Eq. (69)] (77). 



RX Yield (%) 7 , 


Mel 85 

EtI 62 

BzBr 87 

Intramolecular attack of the acetylide f3 carbon on a pendant terminal 
alkyl halide chain gives cyclic vinylidene complexes (78). Reaction of 
6-chlorohex-l-yne with 1 leads to the intermediate vinylidene complex 72, 
which on passing down an alumina column converts to the cyclic vinylidene 
complex 73 [Eq. (70)]. The similar reaction with 5-chloropent-l-yne, 
however, yields the stable chloroacetylide complex 74. Presumably, the 
steric constraints that would arise from forming a four-membered ring 
prevent cyclization [Eq. (71)]. 

The addition of carbon electrophiles is not limited to simple alkyl 
halides. Reaction of tropylium hexafluorophosphate with 63, for example, 
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yields the cycloheptatriene-substituted vinylidene complex 75 in good yield 
[Eq. (72)] (79). 


\ / PPhl 
Ru—C=C-Ph - 


, x Ph 

pf 6 - 

t> 


(72) 


Consiglio et al. have recently reported a surprising mode of reactivity 
for the vinylidene complexes of type 76. Reaction of these complexes with 
diazomethane results in the insertion of CH 2 into the Cp-H bond in good 
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yield, instead of addition of a methylene unit across the C a -C^ bond or 
even the Ru-C„ bond as anticipated [Eq. (73)] (80). The acidic nature of 



V 76 

R Yield (%) 


/-Bu 70 

Ph 50 

the protons on the /3 carbon, discussed above, suggests that the mechanism 
of the reaction most reasonably involves deprotonation of the vinylidene 
76 by diazomethane, followed by nucleophilic attack of the resulting acety- 
lide on the electrophilic methylating agent MeN 2 + [Eq. (74)]. 



Reaction between the acetylide complex 70 and carbon disulfide fol¬ 
lowed by dissolution in methyl iodide gives the thioester vinylidene com¬ 
plex (78) (78). A possible mechanism for the reaction is outlined in Scheme 
10. Precedence for the cyclic intermediate 77 comes from the isolation of 
the iron analog 79 on reaction of (rj 5 -C 5 H 5 )(dppe)Fe—C=CMe with 
carbon disulfide [Eq. (75)] (81). 
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[Rul=C=C^ 

^Me 




Scheme 10 



iC-Me 


r \ Ac, 

p"f * f 

V"* Me 


(75) 


Noncarbon-based electrophiles also react with ruthenium acetylides 
to give disubstituted vinylidene complexes. Addition of halogens to the 
phenyl acetylide complex 63 occurs rapidly and quantitatively to form 
/3-halovinylidene complexes [Eq. (76)] (71,74). Facile bromination of the 



phenyl ring is also observed when X 2 is Br 2 , consistent with the electron¬ 
releasing nature of the ruthenium acetylide group in the para position 
[Eq. (77)]. The addition of various arenediazonium salts to ruthe¬ 
nium acetylide complexes can also lead to the formation of substituted 
vinylidene complexes [Eq. (78)] (82). Other ruthenium vinylidene and 
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|ArN 2 ]PF 6 
-C=C—R -► 


R = Ph, Me, C 6 F, 

Ar = Ph; 3.4-Me,C 6 H, 

4-N0 2 C 6 H 4 ‘ 

4-MeOC 6 H 4 

acetylide complexes containing a variety of phosphine ligands may be 
prepared either by ligand exchange (vide supra) or by reacting the 
appropriate ruthenium chloride complex with the alkyne (72,78). 


E. Ruthenium Carbene Complexes 


1. Preparation 

The vast majority of work exploring the reactivity of ruthenium viny- 
lidene complexes has focused on the attack of alcohols at the electrophilic 
a carbon of monosubstituted vinylidenes, resulting in the formation of 
ruthenium alkoxycarbene complexes. Bruce and co-workers have deter¬ 
mined, for example, that the phenylvinylidene complex 80 is slowly trans¬ 
formed in refluxing MeOH to the methoxycarbene complex 82 in good 
yield (73,83). The mechanism for this reaction must involve initial attack of 
the alcohol at the electrophilic C„ to form a transient vinyl intermediate 81 
which is rapidly protonated at the nucleophilic C p , generating the product 
carbene 82 [Eq. (79)]. In contrast to monosubstituted vinylidene com¬ 
plexes, disubstituted vinylidene complexes are generally unreactive to 
nucleophiles; even the relatively small dimethylvinylidene complex 83 
shows no reaction with MeOH after 70 hours at reflux [Eq. (80)]. 




yield; 50-95% 
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83 

As would be anticipated, the unsubstituted vinylidene species 
[(i 7 5 -C 5 H 5 )(PPh 3 ) 2 Ru=C=CH 2 ] + (84) is correspondingly more reactive 
than the monosubstituted complexes. In fact, the reaction of ethyne with 1 
in methanol at room temperature affords only the methoxycarbene 85, the 
methanol addition reaction being so rapid that isolation of the unsub¬ 
stituted vinylidene 84 is impossible [Eq. (81)] (78). As the alcohol must 



PPh, 

85 
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Fig. 12. 

attack C a in the plane of the vinylidene substituents, the observed reactiv¬ 
ity may reflect a steric inability of the alcohol to approach past substituents 
larger than hydrogen (Fig. 12). Reactions conducted under basic con¬ 
ditions with nonacidic work-ups should produce the vinyl species as stable 
products, and this hypothesis has interesting stereochemical implications 
for the geometry about the double bond: the kinetic product of the reac¬ 
tion should be the Z isomer, rather than the thermodynamically more 
stable E isomer [Eq. (82)]. 



Z 


A more detailed study of the general reaction of alcohols with ruthenium 
vinylidene complexes were conducted in the Bruce and Swincer laborato¬ 
ries (73). It was determined that attack of the alcohol at the a carbon 
is inhibited by bulky phosphine ligands, as indicated by the inverse 
relationship between the relative reaction rates of [(tj 5 -C 5 H 5 )- 
(PPh 3 )LRu=C=CHPh] + with MeOH and the cone angle of the 
phosphine L (84). As discussed in Section VI,B,3, attack of a nucleophile 
at the a carbon can be hindered by the bulk of the flanking phosphine 
ligands. Electronic factors also influence reactivity, with electron- 
withdrawing groups on the acetylide unit or on the metal facilitating 
nucleophilic attack at C a . This effect can be observed in the relative 
rates of MeOH reaction with [(77 5 -C 5 H5)(PPh 3 )2Ru==C=CHR] + 
(R = CO z Me > Ph > Me). The size of the attacking alcohol is also 
crucial, with no reaction being observed between [(Tj 5 -C 5 H 5 )(PPh 3 ) 2 - 
Ru=C=CHPh] + and refluxing EtOH or i-PrOH after 24 hours. This, 
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again, is almost certainly due to steric constraints imposed by the flanking 
phosphines and the vinylidene substituents. The more reactive complex 
[(T 7 5 -C 5 H 5 )(PPh 3 )(CO)Ru=C=CHPh] + (86), however, converts slowly 
to the anticipated ethoxy- and isopropoxycarbene complexes 87 in reflux¬ 
ing EtOH and i-PrOH, respectively [Eq. (83)]. The increased reactivity of 
complex 86 can be explained as a combination of two factors: first, the 
much smaller steric requirements of the carbonyl ligand relative to a 
triphenylphosphine ligand allows the incoming alcohol an approach path to 
C a with greatly diminished steric constraints, and, second, the electron- 
withdrawing nature of the carbonyl increases the electrophilicity of the 
complex. 



86 



(83) 


Addition of the acetylenic alcohols HC=C(CH 2 ) j: OH (x = 3,4) to 1 
affords a one-pot synthesis of the cyclic carbene complexes (88). The 
reaction proceeds via initial formation of the vinylidene complexes, fol¬ 
lowed by an intramolecular attack of the terminal alcohol function on the a 
carbon (Eq. (84)] (85). Combining the nucleophilicity at the /3 carbon of 
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acetylide complexes and the electrophilicity of the a carbon of vinylidenes, 
reaction of 2-iodoethanol and 76 affords the cyclic carbene (89) [Eq. (85)] 
(78). 



76 89 


Water also attacks the electrophilic a carbon of the ruthenium vi- 
nylidene complex 80. The reaction does not yield the ruthenium acyl com¬ 
plex, however, as is found for the reaction with the similar iron vinylidene 
complex [(rj 5 -C 5 H 5 )(CO) 2 Fe=C=CHPh] + (86), but rather 91 is the only 
isolated product (78). The mechanism for this transformation most reason¬ 
ably involves rapid loss of H + from the initially formed hydroxycarbene to 
generate an intermediate acyl complex (90). Reversible loss of triphenyl- 
phosphine relieves steric strain at the congested ruthenium center, and 
eventual irreversible migration of the benzyl fragment to the metal leads to 
formation of the more stable carbonyl complex (91) [Eq. (86)]. 



91 


The reaction of 5-chloropent-l-yne with 92 in refluxing methanol with 
aqueous hexafluorophosphoric acid affords a one-pot synthesis of the cyclic 
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oxycarbene complex 93. The mechanism is thought to be similar to that 
described above, with initial attack by water giving the ruthenium acyl 
complex. Displacement of the chloride by the acyl oxygen yields the 
alkoxycarbene complex (93) [Eq. (87)] (78). A similar reaction in THF- 



93 


dichloromethane with ammonia, generated in situ from ammonium hexa- 
fluorophosphate and Hiinigs base, does not form the analogous cyclic 
aminocarbene complex but the open chain derivative 94 [Eq. (88)] (78). 
Infrared evidence suggests that the complex may be better represented by 
structure 95, which explains the reluctance of the nitrogen to act as a 
nucleophile and displace the chlorine atom. 



95 


94 
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2. Geometry 

As discussed in Section VI,B,3, the maximum n stabilization between 
the metal fragment (T) 5 -C 5 H 5 )(PPh 3 ) 2 Ru and the a carbon of an unsatu¬ 
rated organic fragment arises from interaction of the carbon p -type orbital 
and a ruthenium-based molecular orbital orthogonal to the symmetry 
plane of the molecule. Kostic and Fenske (70) have calculated the differ¬ 
ence in energy between the resulting vertical geometry of the carbene and 
the alternate horizontal geometry for [(t/ 5 -C 5 H 5 )(PH 3 ) 2 Ru=CH 2 ] + to be a 
significant 11 kcal/mol. In the absence of severe steric constraints, there¬ 
fore, the carbene moiety preferentially lies in the symmetry plane of the 
molecule. The crystal structure of [(i 7 5 -C 5 H 5 )(PPh 3 ) 2 Ru=C(OMe)Et]PF 6 
(66) clearly shows that the plane of the carbene fragment bisects the 
P—Ru—P angle (Fig. 13). 

As discussed earlier, the chemistry of the vinylidene complexes is in¬ 
fluenced by steric constraints imposed by the flanking phosphine groups. 
The steric congestion about the ruthenium center has an even more pro¬ 
nounced effect on reactivity at C a in carbene complexes. The crystal 
structure of complex 96 (67) provides an excellent example of the pro- 



Fic,. 13. X-Ray crystal structure of |(rf i -C 5 H.0(PPh3) 2 Ru=C(OMe)Et]PF 6 (hydrogens 
and PF 6 counterion removed for clarity). 
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Fig. 14. Space filling representation of (/? c ,/? Ru )-[(7) 5 -C 5 H5)(PROPHOS)Ru= 
C(OMe)CH 2 Ph]PF 6 (96) (hydrogens and PF 6 ~ counterion removed for clarity). 


tection of C a from approaching reactants by two flanking phenyl groups of 
the (/?)-PROPHOS ligand, as best seen in the space filling representation 
(Fig. 14). 


3. Reactions 

Most efforts to explore the reactivity of ruthenium carbene complexes 
have employed the alkoxycarbene species so readily synthesized from the 
inter- or intramolecular reaction of vinylidene complexes with alcohols. 
These electrophilic alkoxycarbene complexes exhibit only limited reactiv¬ 
ity at C„, primarily with hydride reagents. For example, treatment of the 
2-oxacyclopentylidene complex 97 with NaAlH 2 (OCH 2 CH 2 OMe) 2 affords 
the neutral 2-tetrahydrofuranyl complex (98) [Eq. (89)] (55), as was an¬ 
ticipated from similar reductions of iron carbene complexes (87). 



pf 6 


NaAIH 2 (OCH 2 CH 2 OMe) 2 



(89) 


yield: 72% 


98 



56 


STEPHEN G. DAVIES et al. 


Consiglio et al. (88) have reported that the reaction of LiAlH 4 with the 
methoxycarbene complex 99 gives the completely reduced 2-phenylethyl 
complex (100) as the exclusive product [Eq. (90)]. The reaction probably 
involves initial hydride attack at C„, elimination of methoxide, and a 
second hydride attack to give the final product. 



too 


Hydrogens on the j8 carbon of the carbene complexes are fairly acidic, 
and there are many examples of deprotonation at this position yielding the 
corresponding vinyl complexes. Two representative examples are shown in 
Eqs. (91) and (92) (89). The deprotonation of the benzylmethoxycarbene 



yield: 78% 
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E 


Fig. 15. 



Z 


complex 99 affords only one isomer as indicated by *H NMR, although 
both E and Z isomers could theoretically be formed. In contrast, deproton¬ 
ation of the methyl ester carbene complex 101 gives a 3:1 mixture of 
isomers. The smaller size of the methyl ester group relative to phenyl may 
be responsible for the observed lack of stereoselectivity; although the 
stereochemistry has not been assigned, the more abundant isomer should 
have the E configuration about the double bond for steric reasons 
(Fig. 15). Alternatively, the methyl ester complex may deprotonate 
stereoselectively and isomerization occur in the product, as depicted 
in Scheme 11. 

Bruce et al. (&5) have also found that treatment of the 2-oxacyclo- 
pentylidene complex 97 with pyridine-D 2 0 results in initial deuteration at 



Scheme 11 
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102 

Scheme 12 


the 5 position (Scheme 12). The observed acidity of the two hydrogens in 
this position suggested that a deprotonation-alkylation sequence could 
lead to the regiospecific dialkylation of the complex. Indeed, treatment of 
the complex 97 with n-BuLi (or NaOH) followed by Mel affords the 
5,5'-dimethylated complex (102) in moderately good yield. No evidence 
for BuLi attack at C a was observed. 

F. Cycloaddition Reactions of Ruthenium Acetylide and 
Vinylidene Complexes 

The addition of substituted alkenes with electron-withdrawing groups to 
ruthenium acetylide complexes results in the formal [2 + 2] cycloaddition 
of the olefin to the acetylene moiety. Facile ring opening of the resultant 
ruthenium cyclobutene complex (103) generates the ruthenium butadienyl 
species (104). Subsequent displacement of a phosphine ligand leads to the 
i 7 3 -allylic product (105) [Eq. (93)] (90-92). The intermediate cyclobutene 
complex has been isolated in one instance for the monocarbonyl derivative 
106 [Eq. (94)] (92). 

Another cycloaddition reaction, between molecular oxygen and the 
electrophilic phenylvinylidene complex 80, results in the oxidative cleavage 
of the C a -C p bond and affords [(t^-CsHsXPPI^^RuCO^ and un- 
complexed benzoic acid. The initial cleavage product is most likely benzal- 
dehyde, which is then oxidized under the reaction conditions [Eq. (95)] 
(83). 
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PF 6 + PhCHO 

PhCOiH (95) 

G. Ruthenium Allenylidene Complexes 
1. Preparation 

Reaction between the 1,1-diphenylpropargyl alcohol 107 and 11 results 
in the formation of the diphenylallenylidene complex (109) (93). The 
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proposed mechanism for this reaction involves initial formation of the 
hydroxyvinylidene complex 108 followed by spontaneous dehydration to 
form the allenylidene complex [Eq. (96)]. All attempts to isolate the 
intermediate vinylidene complex have been unsuccessful. 



109 


Protons on the 8 carbon of a ruthenium allenylidene complex are acidic, 
and deprotonation at this position often occurs to give ene-yne deriva¬ 
tives. Reaction of 1 with cyclic propargyl alcohols of type 110 , for example, 
did not yield the allenylidene complexes, but rather the ruthenium ene- 
yne products (111) were isolated [Eq. (97)] (78). Reaction of the cor- 



( 97 ) 
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responding dimethyl propargyl alcohol 112 with 1 initially forms the antic¬ 
ipated dimethylallenylidene complex 113 , which rapidly dimerizes to give 
complex 115 as the only observed product (94). A plausible mechanism for 
the dimerization involves coupling of 113 and the ene-yne derivative 114 , 
formed on loss of a proton from 113 (Scheme 13). 

If the terminal carbon of the allenylidene complex is unsubstituted, then 
attack of nucleophiles at this site is facile. Reaction of the parent propargyl 
alcohol ( 116 ) with 1 does not yield the unsubstituted allenylidene complex, 
however, but the triphenylphosphonium salt ( 118 ) is formed in low yield. 



114 



Scheme 13 
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The reaction is thought to proceed via initial formation of the unsubsti¬ 
tuted allenylidene complex 117 , which then scavenges free triphenylphos- 
phine to form the phosphonium salt ( 118 ) [Eq. (95)]. Addition of excess 
triphenylphosphine to the reaction enables the novel acetylide complex to 
be isolated in good yield (78). 



The dicationic vinylidene complex 119 can be formed under standard 
conditions (vide supra) by the addition of acid to 118 [Eq. (99)] (78). 






Addition of butyllithium to 118 forms the ylid, which reacts with a variety 
of carbonyl compounds to give ruthenium ene-yne complexes [Eq. (100)]. 
Reaction of aldehydes gave a mixture of E and Z isomers, dependent on 
the aldehyde and conditions used, but with the E isomer generally the 
predominant product (78). 
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2. Geometry 

Using the bonding arguments described in Sections VI,B,3 and VI,E,2, 
the linear allenylidene fragment is expected to lie in the symmetry plane of 
the molecule. This is clearly shown in the crystal structure of [(tj 5 - 
C,H 5 )(PMe 3 ) 2 Ru=C=C=CPh 2 ]PF 6 (109) (93) (Fig. 16). The bond 
lengths of the allenylidene fragment suggest that there is substantial con¬ 
tribution from two resonance forms which delocalize the charge on the 
ruthenium and terminal carbon (Fig. 17). 



Fig. 16. X-Ray crystal structure of [(T) 5 -C 5 H 5 )(PMe 3 ) 2 Ru=C=C=CPh 2 ]PF 6 (109) (hy¬ 
drogens and PF 6 counterion removed for clarity). 
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VII 

DECOMPLEXATION REACTIONS 

Although the successful application of organometallic auxiliaries in 
effecting highly regio- and stereoselective elaborations of bound organic 
moieties requires a general and selective method for removal of the organic 
product, this area has so far received little attention in the case of the 
(t 7 5 -C 5 H 5 )(PR 3 ) 2 Ru auxiliary. The few successful decomplexation reac¬ 
tions that have been reported are discussed below. Baird and co-workers 
(95) have investigated the cleavage of simple ruthenium alkyl complexes 
of the type (T} 5 -C 5 H 5 )(PPh 3 ) 2 RuR (R = Me, CH 2 Ph). Treatment of these 
complexes with mercuric bromide or iodide results in almost quantitative 
production of the organomercury compound 122 and the ruthenium halide 
complex 121 [Eq. (101)]. 



Reaction of the ruthenium alkyl complexes with bromine or iodine also 
cleaves the ruthenium-carbon bond to form the alkyl halides in reasonable 
yield [Eq. (102)]. Attempts to decomplex the organic substrate using 



x 2 


R = CH 2 Ph, Me 
X = l,Br 



T + XR (102) 

PPh, yield: 50-85% 

121 
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cupric halides or electrochemical methods were not so successful and gave 
a mixture of organic products in varying yield. Bruce et al. have reported 
that treatment of the ruthenium phenylacetylide complex 63 or the cor¬ 
responding vinylidene complex 80 with HC1 results in the formation of the 
ruthenium chloride complex (1) [Eqs. (103) and (104)] (83). Unfortunately, 
the fate of the cleaved organic moiety was not determined. 



PPh 3 PF PPh, 

80 1 


Other attempts to utilize this decomplexation reaction, however, have 
met with no success (78). Treatment of other ruthenium acetylide com¬ 
plexes, such as 123, with either gaseous HC1 in chloroform or concentrated 
hydrochloric acid lead only to formation of the corresponding vinylidene 
complexes [Eq. (105)]. No decomplexation products were observed. 



PPh, PPh, 

123 


Treatment of the disubstituted vinylidene complex 124 with base in wet 
methanol cleaves the vinylidene bond to give the cationic ruthenium car¬ 
bonyl complex 126 and bibenzyl in good yield. This reaction presumably 
proceeds via initial formation of the acyl complex 125, which decomposes 
to give the products [Eq. (106)] (78). Other mono- and disubstituted 
vinylidene complexes, however, do not give identifiable decomplexation 
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| \ 

I CH 
PMe, ^CHjPh 



+ PhCH 2 CH 2 Ph 


(106) 


126 


products under similar conditions. One other decomplexation reaction, 
already mentioned in Section VI,F, involves the addition of oxygen to the 
vinylidene complex 80, resulting in cleavage of the vinylidene bond to yield 
benzoic acid [Eq. (107)] (83). 
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VIII 

PREPARATION OF RUTHENIUM COMPLEXES CONTAINING 
t; 2 -UNSATURATED LIGANDS 

Addition of a wide range of alkenes, internal alkynes, allenes, and di¬ 
enes to (T 7 5 -C 5 H 5 )(PMe 3 ) 2 RuCl (11) in the presence of NH 4 PF 6 yields the 
corresponding Tj 2 -unsaturated complexes in high yield (Scheme 14) 
(45,46,96). Reactions with terminal alkynes generally lead to the forma¬ 
tion of ruthenium vinylidene complexes by a rapid rearrangement of the 
rj 2 -acetylide complex (vide supra). Nonetheless, one complex containing 
an rj 2 -bound terminal acetylene has recently been isolated (97). Bubbling 
acetylene or propyne through a methanol solution of 11 in the presence of 
excess NH 4 PF 6 results in the rapid precipitation of the tj 2 complex before 
rearrangement to the vinylidene complex 128 can occur. Complex 127 
rearranges to the vinylidene complex 128 on dissolution in acetonitrile or 
methanol [Eq. (108)]. 
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The interaction between bulky phosphine ligands and the C 2 unit of the 
unsaturated ligand bound orthogonally to the symmetry plane of the mole¬ 
cule can severely hinder the stability of the 17 2 complex. Although reactions 
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130 


Scheme 15 


of both terminal and internal olefins with (T) 5 -C 5 H 5 )(PMe 3 ) 2 RuCl lead to 
the formation of the Tj 2 -alkene complexes, only the sterically less demand¬ 
ing terminal olefins react with the corresponding dppe complex to form 
stable i 7 2 -alkene complexes (40). Exchanging the chelating dppe ligand for 
two triphenylphosphine ligands increases the steric constraints at the metal 
center to the point where the formation of 7j 2 -unsaturated complexes is not 
observed. 

Consiglio and Morandini (98) have determined that the formation of the 
ethylene complex 129 from the chloro epimer 34 proceeds stereo- 
specifically with retention of configuration at ruthenium (Scheme 15). The 
alkene complex, however, did epimerize in solution over a period of days 
to give an equilibrium mixture of the two epimers 129 and 130. As in the 
similar reaction of 34 with CH 3 CN discussed in Section V,D, the stereo¬ 
chemical integrity of the ruthenium center is maintained in the co- 
ordinatively unsaturated intermediate formed on loss of Cr. 

IX 

OLIGOMERIZATION REACTIONS 

Reaction between alkynes with electron-withdrawing groups and ruthe¬ 
nium alkyl or hydride complexes results in complexes containing alkenyl or 
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butadienyl ligands formed by insertion or oligomerization of the alkyne 
(99). The addition of hexafluorobut-2-yne to 32, for example, affords the 
ruthenium vinyl complex 131 and the ruthenium diene complex 132 in low 
overall yield [Eq. (109)] (100,101). Addition of dimethylacetylenedicar- 



132 


boxylate to 32 produces the ruthenium vinyl complex 133 in high yield. On 
heating this complex in benzene, a bulky triphenylphosphine ligand is 
displaced by the ester function to form the chelating vinyl complex 134, 
which presumably prevents oligomerization with another alkyne [Eq. 
( 110 )] ( 102 ). 
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X 

ORTHOMETALLATION REACTIONS 

There is a pronounced tendency for ruthenium cyclopentadienyl com¬ 
plexes with attached phosphorus ligands to undergo a wide variety of intra¬ 
molecular metallation reactions. Heating (7j 5 -C 5 H 5 )(PPh3)2RuMe in decalin 
for 24 hours leads to the orthometallated complex 135 in reasonable yield 
[Eq. (Ill)] (6,103). The mechanism presumably involves initial loss of 



135 


phosphine, followed by ruthenium insertion into an ortho C—H bond of a 
phenyl group on the phosphine. Elimination of methane and reassociation 
of phosphine generate the orthometallated product. An X-ray crystal 
structure of complex 135 is shown in Fig. 18 (104). 

Thermolysis of ruthenium vinyl complexes also promotes intramolecular 
orthometallation [Eq. (112)]. However, performing the reaction in the 



135 


presence of ethylene inhibits the orthometallation reaction since the co- 
ordinatively unsaturated intermediate is trapped as the ethylene adduct 
(136). Complex 136 subsequently undergoes rearrangement in the pres¬ 
ence of phosphine to give a ruthenium allyl complex (137) [Eq. (113)] 
(105). 
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Addition of benzene or toluene in the presence of phosphine to the 
orthometallated species 135 yields ruthenium aryl complexes [Eq. (114)]. 
The reaction must involve initial dissociation of the nonorthometallated 
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phosphine followed by insertion of ruthenium into an aryl C—H bond to 
generate the intermediate hydridoaryl complex 138. Preferential elimina¬ 
tion of the strained orthometallated aryl bond and reassociation of 
phosphine afford the products. In the toluene reaction, both para and meta 
adducts are observed (106). 

Orthometallation also occurs intermolecularly. Addition of azobenzene 
to (T) S -QH 5 )(PPh 3 ) 2 RuMe affords the orthometallated species 139 in mod¬ 
erate yield [Eq. (115)] (104). The reaction between hexafluorobut-2-yne 



139 


and (i 7 5 -C 5 H 5 )(PPh 3 ) 2 RuCH 2 Ph presumably proceeds via the addition 
of alkyne into the ruthenium-hydride bond of an intermediate ortho¬ 
metallated species to form 140 [Eq. (116)] (107). 
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Suitably substituted distibines and related binuclear compounds of the 
heavier main group elements associate in the solid state. These compounds 
exhibit short “intermolecular” contacts which indicate a secondary inter- 
molecular bonding. On melting or dissolution in organic solvents the 
intermolecular bonding is lost simultaneously with dramatic changes in 
color (thermochromism). However, intermolecular bonding is rather sensi¬ 
tive to substitution since the thermochromic effect is not observed for all 
distibines. The 1980s have witnessed an intense interest in solid state 
chemistry, which has produced substantial progress on the distibine prob¬ 
lem. Most of this work has been done by the Becker and Breunig groups in 
Germany and in our own laboratory. Sufficient progress has been made to 
place this work in overall context, which is the objective of this article. 


II 

HISTORICAL PERSPECTIVE 

The first well-characterized distibine, tetraphenyldistibine (1), was re¬ 
ported by Blicke et al. of the University of Michigan in 1931 (7). 
Tetraphenyldistibine was originally prepared by reduction of diphenyl- 
iodostibine with sodium hypophosphite. The compound is highly reactive 
toward oxygen and iodine but is otherwise unexceptional in behavior. It is 
a pale yellow solid which melts sharply at 125°C to a pale yellow liquid. 
Since no color change is observed on melting, tetraphenyldistibine has 
been termed a nonthermochromic distibine. The nonthermochromic dis¬ 
tibines reported through mid-1988 are collected in Table I (7-76). In 
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TABLE I 

Nonthermochromic Distibines 


Formula 

Compound 

Reference(s) 

Nonthermochromic distibines reported through mid-1988 


Aryl distibines 

C 24 H 2(1 Sb 2 

Tetraphenyldistibine (1) 

1-3 

C 24 H 16 Br 4 Sb 2 

Tetra(p-bromophenyl)distibine (2) 

4 

C 28 H 28 Sb 2 

Tetra(p-tolyl)distibine (3) 

4 

Cv,H 44 Sb 2 

Tetra(mesityl)distibine (4) 

5 

C 26 H, 8 Sb, 

9-Stibaanthracene dimer (5) 

6 

Vinyl distibines 

C 12 H 2n Sb 2 

Tetra-( E )-1 -propenyldistibine (6) 

7 

C, 2 H 20 Sb 2 

Tetra-(Z)-1 -propenyldistibine (7) 

7 

C, 6 H 28 Sb 2 

Tetra-(E)-2-but-2-enyldistibine (8) 

7 

Ci„H 28 Sb 2 

Tetrakis(2-methyl-l-propenyl)distibine (9) 

7 

C 16 H 24 Sb, 

2,2’,5,5'-Tetraethylbistibole (10) 

8 

Alkyl distibines 

C 4 F 12 Sb 2 

Tetrakis(trifluoromethyl)distibine (11) 

9 

C,„H 21 ,Sb 2 

1,l'-Bistibacyclohexane (12) 

10 

C 24 H„Sb 2 

Tetracyclohexyldistibine (13) 

11 

Other selected compounds with Sb—Sb bonds 


C 1(l Hv,Sb 4 

Tetra(rm-butyl)tetrastibine (14) 

12-14 

C;w,H3oSb 6 

Hexaphenylhexastibine (IS) 

15,16 

Nonthermochromic distibines not reported as crystalline 


C, 2 H 28 Sb 2 

Tetrapropyldistibine (16) 

17a, b 

C| 2 H 28 Sb 2 

Tetraisopropyldistibine (16a) 

17c 

C 16 H 16 Sb 2 

Tetra(le«-butyl)distibine (17) 

14 

C, 6 H 38 Sb 2 

Tetrabutyldistibine (17a) 

17c,d 

C, 4 H, 6 Sb 2 

1,2-Dimethyl-1,2-diphenyldistibine (18) 

18 

C| 6 H 2l ,Sb 2 

1,2-Diethyl-1,2-diphenyldistibine (19) 

19 

C„H, 6 Sb 2 

1,2-Diphenyl-l ,2-distibacyclopentane (20) 

19 

C H) H 1( |Sb 2 

Stibabenzene dimer (21) 

20 


addition, there are a number of distibines which have not been reported as 
solids. They are also listed in Table I ( 14,17a-20). 

As a part of his classic study of reactive free radicals in the early 1930s, 
Paneth observed that methyl radicals react with a heated antimony mirror 
to produce tetramethyldistibine (22) (27). This distibine has quite remark¬ 
able properties. It forms intensely colored red crystals which melt revers¬ 
ibly to a yellow oil. Similarly, solutions of tetramethyldistibine are pale 
yellow. Although these color changes are clearly due to changes in phase 
rather than strictly temperature, they have been termed thermochromic 

(22) . It should be noted that Paneth also obtained tetramethyldibismuthine 

(23) in trace quantities from methyl radicals and a heated bismuth mirror. 



TABLE II 


Thermochromic Distibines and Dibismuthines" 


Compound 

E = Sb 

Reference(s) 



E = Bi 

Reference(s) 

(CH 3 ) 4 E 2 

22: mp 17.5°C, red solid 

17a,21,23-27 

23: 

mp 

-12.5°C, violet-blue solid 

21,28-30 

(C 2 H s ) 4 E 2 

24: mp —61°C, orange 

21,24,31 

25: 

mp 

not reported, blue 

32 

(a). 

26: mp 47°C, orange 

10 

27: 

mp 

47°C, purple 

29 



28: mp 45°C, orange 

33 

29: d > 0°C, violet 

33 

HI 









(sfl 

30: mp 99°C, 
purpie-blue 

22 

31: d > 95°C, black 

34 

(C 2 H 3 ) 4 E 2 

32: mp -53°C, purple 

7 



[CH 2 C(CH 3 )] 4 E 2 

34: mp 1°C, orange 

7 

35: mp 13.5°C, purple 

29 

[(CH 3 ) 3 Si] 4 E 2 

36: mp 119°C, red 

35,36 

37: mp 148°C, green 

37 

[(CH 3 ) 3 Ge] 4 E 2 

38: mp 125°C, dark red 

38a 



[(CH 3 ) 3 Sn] 4 E 2 

40: mp 143°C, red 

39-41 



a mp. Melting point; d, decomposition. 
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TABLE III 


Nonthermochromic Dibismuthines 


Formula 

Compound 

Reference(s) 

C 12 H 28 Bi 2 

Tetrapropyldibismuthine (42) 

32 

C 12 H 28 Bi 2 

Tetraisopropyldibismuthine (43) 

32 

C 16 H, 6 Bi 2 

Tetrabutyldibismuthine (44) 

32 

C 1(l H 28 Bi 2 

Tetrakis(2-methyl-l-propenyl)dibismuthine 

29 


(45) 


C 24 H 20 Bi 2 

Tetraphenyldibismuthine (46) 

29,42 

C 10 H 10 Bi 2 

Bismabenzene dimer (47) 

20 

C, 2 H 14 Bi 2 

4-Methylbismabenzene dimer (48) 

20 


The dibismuthine occurred as violet crystals which melted to a red-yellow 
liquid prior to decomposition below room temperature. 

Nine other thermochromic distibines have been reported. All show a 
yellow melt, but the solid colors range from deep yellow to violet-blue. 
Seven thermochromic dibismuthines are known. The liquid colors are all 
red while solid colors are variable. The thermochromic distibines and 
dibismuthines are listed in Table II (7, 10,17a,21,23-41) along with the 
melting points and colors of the crystals. Nonthermochromic dibismuthines 
are collected in Table III ( 20,29,32,42). 


Ill 

SYNTHESIS AND CHEMICAL PROPERTIES 

The Blicke and Paneth syntheses are interesting almost exclusively 
from a historical perspective. The best general method for preparing 
distibines involves the coupling reactions of the corresponding metal 
stibides as illustrated in Scheme 1. For example, triisopropenylstibine 
is available from the reaction of isopropenyllithium with antimony trichlo¬ 
ride. Cleavage of triisopropenylstibine with sodium in liquid ammonia 
followed by oxidation with 1,2-dichloroethane gave a 80% yield of tetra- 
isopropenyldistibine. Alternatively, triisopropenylstibine may be con¬ 
verted to diisopropenylchlorostibine, which on treatment with sodium in 
liquid ammonia followed by 1,2-dichloroethane gave 81% of tetraisopro- 
penyldistibine (7). 

As previously noted, tetraorganodistibines are highly sensitive toward 
oxygen but may be conveniently handled used Schlenk-ware techniques. 
Generally, tetraorganodistibines do not react with water or mild acid and 
base. However, tetramethyldistibine (see Scheme 2) is cleaved by HC1 to 
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SbCl 3 Na 



(C 3 H 5 ) 4 Sb 2 


Scheme 1. Preparation of tetraisopropenyldistibine. 


(CH 3 ) 4 Sb2 HC 1 • (CH 3 ) 2 SbH + (CH 3 ) 2 SbCI 
(CHj)^ (CH 3 ) 2 (C 4 H,)Sb + (CH 3 ) 2 SbLi 

(CH 3 ) 4 Sb2 ——^ (CH 3 ) 3 Sb + Sb° 

Scheme 2. Reactions of tetramethyldistibine. 

give dimethylstibine and dimethylantimony chloride (23), and it reacts 
with butyllithium to afford butyldimethylstibine and lithium dimethyl- 
stibide (25). Distibines are usually stable at room temperature, but on 
heating above 100°C they produce antimony metal and the corresponding 
tertiary stibine (7,21). 

Tetraorganodibismuthines are prepared in the same manner as the cor¬ 
responding distibines. Thus, the reaction of trimethylbismuthine with 
sodium in liquid ammonia gave a red solution of NaBi(CH 3 ) 2 which on 
treatment with 1,2-dichloroethane afforded tetramethyldibismuthine (see 
Scheme 3) in 70% yield. The dibismuthine is conveniently purified by 
recrystallization from pentane at -20°C. Although 14 dibismuthines have 
been reported in the literature through mid-1988, only tetramethyl¬ 
dibismuthine has been investigated in detail. All its reported reactions 
involve cleavage of the Bi—Bi bond (see Scheme 4). It decomposes at 25°C 
with near quantitative formation of trimethylbismuthine and bismuth 
metal. Higher alkyl dibismuthines and several tetravinyldibismuthines are 
less labile, while tetraphenyldibismuthine and 2,2',5,5'-tetramethylbibis- 
mole are stable to 100°C. Tetramethyldibismuthine reacts with oxygen and 


(CH 3 ) 3 Bi ^ - (CH 3 ) 2 BiNa (CH 3 ) 4 Bi 2 


Scheme 3. Preparation of tetramethyldibismuthine. 
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(CH 3 ) 4 Bi 2 --—- Bi° + (CH 3 ) 3 Bi 

(CH 3 ) 4 Bi 2 + I 2 -► Bi°+ (CHjfeBil + CH 3 Bil 2 + Bil 3 + Bi(CH 3 ) 3 

(CH 3 ) 4 Bi 2 + HCI -- (CHjhBiCl + |(CH 3 ) 2 B.H] -- Bi° + Bi(CH 3 ) 3 + H 2 

(CH 3 ) 4 Bi 2 + C 4 H,Li -► (C 4 H»KCH 3 ) 2 Bi + (CH,) 2 BiU 

Scheme 4. Reactions of tetramethyldibismuthine. 


with halogenated solvents. Reaction with iodine is rapid and indiscrimi¬ 
nate, yielding bismuth metal and all possible iodo- and methylbismu- 
thines. Reaction with HCI gas gives bismuth metal, trimethylbismuthine, 
dimethylbismuth chloride, and hydrogen gas. Dimethylbismuthine is an 
intermediate. Reaction of tetramethyldibismuthine with butyl lithium ap¬ 
parently gives butyldimethylbismuthine and lithium dimethylbismuthide. 


IV 

ULTRAVIOLET (UV) AND DIFFUSE REFLECTANCE SPECTRA 

Most distibines appear yellow, while dibismuthines are red, either in their 
liquid phases or in solution in organic solvents. A series of tetravinyldisti- 
bines (7) and dibismuthines (24) show absorption maxima in the range of 
200-330 nm. 2,2',5,5'-Tetramethylbistibole (30) shows a maximum at 346 nm 
(22), while the corresponding bibismole (31) absorbs at 320 nm (34). In all 
cases, the distibines show a low intensity, featureless absorption tail ex¬ 
tending out to about 400 nm, while the tail extends to approximately 
800 nm for the disbismuthines. Presumably, this feature corresponds to the 
observed yellow and red colors. No spectral assignments have been made. 

On crystallization, nonthermochromic distibines and dibismuthines 
show little visual change. The solid colors of two nonthermochromic dis¬ 
tibines (8 and 9) and two nonthermochromic dibismuthines (45 and 46) 
have been characterized by diffuse reflectance. In each case, only very 
modest changes in the absorption maxima were observed and between 
solid and solution. On the other hand, the intense colors shown by the solid 
phases of the thermochromic distibines are red shifted by 200-250 nm 
from their solution phase maxima (see Table IV) (7,25,29,33,34,37, 
38b,40). The dibismuthines are red shifted even further. There is com¬ 
plete correspondence between dibismuthines and the analogous distibines, 
with the dibismuthines being red shifted by around 100 nm (see Fig. 1). 
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TABLE IV 

Diffuse Reflectance Absorption Maxima (nm) of Dibismuthines and 
Corresponding Distibines" 


Compound 

E = Sb 

E = Bi 

ABiSb 

Reference(s) 

(CH 3 )„E 2 

22: 530(<215) 

23: 665(264) 

135 

29 

(O). 

26: 490 

27: 580(264) 

90 

29 

(41 

28: 475(300) 

29: 605(330) 

130 

33 

(4), 

30: 605(346) 

31: 690(320) 

85 

29,34 

[CH 2 C(CH,)]<E 2 

34: 475(290) 

35: 575(270) 

100 

7,29 

[(CH 3 ) 3 Si] 4 E 2 

36: 520(230) 

37: green 

— 

38b 

[(CH 3 ) 3 Ge]<E 2 

38: 520(230) 

Unknown 

— 

38b 

[(CH 3 ) 3 Sn] 4 E 2 

40: 510(212) 

Unknown 

— 

40 

“Solution absorption 

maxima are in 

parentheses. 





Fig. 1. Diffuse reflectance spectra of solid 2,2',5,5'-tetramethylbistibole (30) and 2,2’ ,5,5'- 
tetramethylbibismole (31). [Reprinted with permission from A. J. Ashe III and F. J. Drone 
(34), Organometallics 3, 495 (1984). Copyright 1984 American Chemical Society.] 
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Fig. 2. Molecular structure of 2,2',5,5'-tetramethylbistibole (30). Selected bond distances 
(A): Sb-C-2, 2.140(5); Sb-C-5,2.135(4); Sb-Sb, 2.835(1). Selected bond angles (°): C-2-Sb- 
C-5, 81.5(2); C-2-Sb-Sb, 91.4(1); C-5-Sb-Sb, 92.2(1). [Reprinted with permission from 
A. J. Ashe III, W. Butler, and T. R. Diephouse (22), J. Am. Chem. Soc. 103, 207 (1981). 
Copyright 1981 American Chemical Society.] 

V 

STRUCTURE 

The five distibines (1, 22, 30, 36, and 40) that have been investigated by 
X-ray crystallography show very similar molecular structures (see Fig. 2 
for the molecular structure of 2,2',5,5'-tetramethylbistibole, 30). In each 
case the distibine adopts a staggered trans conformation so that there is an 
inversion center through the Sb—Sb bond. The Sb—Sb bond lengths vary 
between 2.84 and 2.88 A, values somewhat shorter than that of elemental 
antimony (2.90 A) (43). The bond angles about antimony are close to 90° 
and similar to those reported for other trivalent antimony compounds (44). 
In fact, none of the molecular parameters seems extraordinary. However, 
the four thermochromic distibines show unusual crystal packing (see 
Fig. 3, Table V) (22,25,36,40,41,45). In each case, the antimony atoms are 


TABLE V 

Selected Structural Data for Distibines 


Compound 

Sb—Sb (A) 

Sb—Sb (A) 

4 Sb—Sb-Sb 

Reference 

Tetramethyldistibine (22) 

2.86 

3.65 

179.2° 

25 

2,2',5,5'-Tetramethylbistibole (30) 

2.84 

3.63 

173.5° 

22 

Tetrakis(trimethylsilyl)distibine (36) 

2.87 

3.99 

165.8° 

36 


2.86 

3.89 


41 

Tetrakis(trimethylstannyl)distibine (40) 

2.88 

3.89 

173.5° 

40 


2.87 

3.81 


41 

Tetraphenyldistibine (1) 

2.84 

4.29 

- 

45 



XT 



Fig. 3. Crystal packing of the thermochromic distibines 2,2',5,5'-tetramethylbistibole (30) (22), tetramethyldistibine (22) (25,26), 
tetrakis(trimethylstannyl)distibine (40) (40,41), and tetrakis(trimethylsilyl)distibine (36) (36,41). 
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aligned in chains with alternate short (intramolecular) Sb—Sb and some¬ 
what longer (intermolecular) Sb—Sb separations. The intermolecular 
Sb—Sb contacts are quite short, ranging from 3.63 to 3.99 A. These values 
are well below the van der Waals radius separation of 4.4 A and imply that 
there is an extended bonding along the Sb—Sb—Sb—Sb chain. The 
dramatic changes in color on melting or dissolution in organic solvents 
must be associated with disruption of this extended bonding. Thus, the 
solid phase colors are likely to be due to electronic excitation along the 
chain. By extrapolation, the thermochromic effect observed for distibines 
24, 26, 28, 32, 34, and 38 implies that they also stack in the solid phase. 

Although the Sb chains are qualitatively similar, there is a variation in 
the linearity of the chain and in the intermolecular distances. Thus, the 
chains are nearly linear (4 Sb—Sb—Sb 179.2°) and the Sb—Sb distances 
are short (3.68 A) for the sterically undemanding tetramethyldistibine 
(22), while the chains are distinctly zig-zag (A Sb—Sb---Sb 165.8°) and the 
distances (3.99 A) are longer for the more bulky tetrakis(trimethylsilyl)dis- 
tibine (36). While short intermolecular contacts seem necessary for the 
thermochromic effect, the UV absorption maxima of the solid distibines do 
not correlate with the intermolecular Sb---Sb distances. Thus, the red 
compounds 22, 36, and 40 have nearly identical absorption maxima despite 
a variation of more than 0.3 A in the intermolecular Sb contacts. On the 
other hand, the intermolecular Sb—Sb separations of 22 and 30 are nearly 
the same although the absorption maxima differ by 75 nm. 

Tetraphenyldistibine (1) is the only nonthermochromic distibine for 
which a crystal structure has been determined (45). However, structural 
data are available for two closely related and also nonthermochromic cyclic 
polystibines [14 (12) and 15 (15,16)]. In no case can a similar chain of 
antimony atoms be identified. In tetraphenyldistibine the closest inter¬ 
molecular Sb—Sb contact is 4.29 A, close to the van der Waals separation 
(see Fig. 4). Although tetraphenyldistibine (1) has a staggered trans con¬ 
formation, the two phenyl groups attached to each antimony are canted 80° 
relative to each other. The juxaposition of the two phenyls minimizes 
intramolecular steric interaction between the ortho hydrogen atoms, but 
does so at the expense of congesting the back side of the Sb—Sb bond axis. 
Presumably, this steric hindrance minimizes the possibility of close inter¬ 
molecular Sb---Sb interaction. It has been suggested that similar steric 
problems prevent association of the other nonthermochromic distibines 
(22). 

Fewer structural data are available for dibismuthines. Published struc¬ 
tures include only the thermochromic tetrakis(trimethylsilyl)dibismu- 
thine (37) (37) and the nonthermochromic tetraphenyldibismuthine (46) 
(42) although some data from an unpublished structure of tetramethyl- 
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dibismuthine (23) have been summarized by Becker and colleagues 
(46). Both thermochromic dibismuthines are isostructural with the cor¬ 
responding distibines (see Fig. 5 for the structure of 37), and there is a 
Bi—Bi—Bi—Bi chain. Intramolecular Bi—Bi bonds (3.12 A for 23 and 
3.04 A for 37) are somewhat longer than for the nonthermochromic 




Fig. 5. Crystal structure of tetrakis(trimethylsilyl)dibismuthine (37) (37). 
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tetraphenyldibismuthine (23) (2.99 A). Surprisingly, the intermolecular 
Bi---Bi separations (3.80 A for 23 and 3.58 A for 37) are shorter than the 
Sb---Sb separations of the corresponding distibines. Thus, the metal- 
metal chains are more symmetrical. 

While tetraphenyldibismuthine (46) is not isostructural with tetraphenyl- 
distibine (1), it does not show any close intramolecular Bi—Bi contacts. 
Although no other structural data are available, it might be noted that 
there is a complete match of the thermochromic properties for the dibis- 
muthines with the corresponding distibines. Thus, in all cases if a distibine 
is thermochromic the analogous dibismuthine is as well. Conversely, 
nonthermochromic distibines correspond to nonthermochromic dibis- 
muthines. A structural correspondence also seems likely. 


VI 

THEORY AND BONDING 

The thermochromic effect of distibines has been treated in three papers 
by Hoffmann and colleagues using a tight bonding model based on ex¬ 
tended Hiickel calculations (33,47,48). These calculations treated only 
unsaturated distibines, and major attention was focused on bistibole (47). 
The important orbitals of the stacked bistibole are derived from molecular 
orbitals of the SbC 4 H 4 unit (see Fig. 6). The HOMO results from the 
in-phase mixing of the Sb(p z ) and Sb(n^) orbitals and is largely localized on 
the Sb atoms. At the zone center (k = 0) this band has primarily lone pair 


P z Od n x 



Fig. 6. Derivation of the HOMO and LUMO of stacked bistibole from C 4 H 4 Sb orbitals. 
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character ( n xg ) but has a character at the zone edge (o- g ) (see Fig. 7). At 
the zone edge this valence band is destabilized since it is cr antiboding 
between neighboring cells, although it remains <r bonding within each unit 
cell. The LUMO is made from the out-of-phase combination of the -it* 
orbitals stabilized by the <x* SbSb . This conduction band is mostly localized 
on the diene and changes little on moving across the zone. 

Since the HOMO-LUMO gap of the stacked bistibole decreases on mov¬ 
ing to the zone edge, crystallization is predicted to result in a red shift, as is 
observed. In this model the conduction band is sensitive mainly to the 
energy of the i rj orbital of the distibine. The unconjugated distibine 28 is 
calculated to have a higher it* energy, resulting in a larger band gap (33). 
As predicted, the solid phase color of 28 is blue shifted relative to 30. By 
extension the as yet unknown more conjugated distibine 49 is predicted to 



-isl- 1 

0 k H 
o 

Fig. 7. Band structure of bistibole. The higher and lower bands have been omitted for 
clarity. [Reprinted with permission from A. J. Ashe III, C. M. Kausch, and O. Eisenstein 
(33), Organometallics 6, 1185 (1987). Copyright 1987 American Chemical Society.] 
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28 30 49 

Scheme 5. Decreasing energy of the HOMO-LUMO gap of solid distibines with increas¬ 
ing conjugation. 


be red shifted relative to 30 (see Scheme 5). The major shortcoming of this 
model is that the alkyl, silyl, germyl, and stannyl thermochromic distibines 
seem to have no low-lying ir* orbitals to serve as the LUMO. Hoffmann 
has suggested that the vacant Sb (5 d) orbitals may mix with the cr* SbSb 
orbital to fulfill this function. Thus, the color of these distibines may be due 
to a or— > a* transition where the cr* orbital has appreciable d orbital 
contributions. Certainly, a more detailed treatment of these compounds is 
desirable. 

No theoretical treatment is available for dibismuthines. However, the 
qualitative features of the band structures of the thermochromic dibis¬ 
muthines can be anticipated from the Hoffmann model for the correspond¬ 
ing distibines. Thus, the substitution of Bi for Sb is unlikely to affect greatly 
the ligand -rr* orbitals. But the cr g orbital will likely be raised to reflect the 
weaker metal-metal bond (28). A smaller band gap is predicted, as is 
observed. 


VII 

RAMAN SPECTRA, ELECTRON DIFFRACTION, AND 
M0SSBAUER SPECTRA 

Raman spectroscopy is extremely useful for characterization of di¬ 
stibines and dibismuthines, since the metal-metal stretching vibrations give 
rise to intense, easily identifiable peaks. Several thermochromic and 
nonthermochromic distibines have been examined as both solids and liq¬ 
uids (see Table VI) (7,40,49-51). With the exception of tetramethyldisti- 
bine, there are only small shifts in ^ SbSb between solid and liquid. Nor are 
there systematic differences between thermochromic and nonthermochro¬ 
mic distibines. The observed range of j^sh appears to be predominantly 
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TABLE VI 


•'sbsb from Raman Spectra of Distibines in Solid and Liquid Phases 


Distibine 

Fsbsb (cm 

Liquid 

1 

Solid 

Reference(s) 

Tetravinyldistibine (32) 

163 

_ 

7 

Tetraisopropenyldistibine (34) 

158 

152 

7 

Tetra-(Z)-l-propenyldistibine (7) 

154 

165 

7 

Tetra-(£)-1 -propenyldistibine (6) 

152 

155 

7 

Tetrakis(2-methyl-l-propenyl)distibine (9) 

144 

151 

7 

Tetra-(£)-2-but-2-enyldistibine (8) 

148 

154 

7 

Tetramethyldistibine (22) 

143, 175 

180 

49,50 

Tetraethyldistibine (24) 

163 

- 

49 

Tetraphenyldistibine (1) 

— 

141 

49 

Tetrakis(trimethylsilyl)distibine (36) 

140 

137 

49 

Tetrakis(trimethylstannyl)distibine (40) 

— 

162 

40 

2,2',5,5'-Tetramethylbistibole (30) 


170 

51 


a mass effect, which suggest the vibrations are due largely to localized 
Sb—Sb bonds (7). 

Tetramethyldistibine (22) is unique in that new bands appear for the 
liquid which were not present for the solid. It has been suggested that the 
new bands are due to a population of gauche conformation in the liquid 
(49). Although this view has been challenged (50), it seems particularly 
plausible since (CH 3 ) 4 P 2 (52), (CH 3 ) 4 As 2 (53), (CH 3 ) 2 PAs(CH 3 ) 2 , 
(CH 3 ) 2 AsSb(CH 3 ) 2 , and (CH 3 ) 2 SbBi(CH 3 ) 2 (57) show the same effect. 
Furthermore, tetramethyldistibine has a dipole moment of 0.95 D in ben¬ 
zene solution (25). Since the symmetrical trans conformation can have no 
dipole moment, a significant fraction of the molecules must be in another 
conformation. 

The Raman spectra of the thermochromic tetramethyldistibine (22) and 
tetrakis(trimethylsilyl)distibine (36) show a great enhancement of the in¬ 
tensity of the Psbsb band in the solid over the liquid. In addition, new 
low-frequency bands near 50 cm -1 are found for the solid which are not 
observed for the liquid (50). These bands have been assigned to the inter- 
molecular Sb 2 ---Sb 2 stretch. Neither effect is observed for nonthermo- 
chromic distibines. 

Raman spectra have also been reported for several dibismuthines. The 
t'BiBi stretch is close to 110 cm -1 in all cases for both thermochromic and 
nonthermochromic dibismuthines in either solid or liquid (29). This insen¬ 
sitivity to substitution suggests that these bands are largely due to localized 
Bi-Bi vibrations. 
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The structure of tetramethyldistibine (22) has been investigated in the 
gas phase by electron diffraction (27). Although gauche and trans con¬ 
formations are probably present, it was not possible to determine the 
conformational preference. Of major interest was the finding that the 
Sb—Sb bond length of 2.818(4) A was shorter than found in the crystal 
(2.862 and 2.831 A) (25,26). Presumably, the extended bonding in the 
crystal along the Sb—Sb—Sb—Sb chain reduces the intramolecular 
Sb—Sb bond order so that it is less than in the monomeric gas. A similar 
effect has been observed for I 2 (vide infra) (54,55). 

Finally, l2l Sb-Mossbauer spectra have been reported for two thermo- 
chromic distibines (22 and 26) and two nonthermochromic distibines (1 and 
12) (56). There are no meaningful variations in the isomer shift, quadruple 
coupling constants, or anisotropy in the series. 


VIII 

COMPARISON WITH SIMILAR COMPOUNDS 

No diarsines or diphosphines show thermochromic behavior similar to 
that of the distibines and dibismuthines. For example, in the series of 
dipnictogen compounds A, B, and C illustrated in Scheme 6, the thermo¬ 
chromic distibines and dibismuthines correspond to nonthermochromic 
diarsines and diphosphines. Structural data are available to compare the 
three diarsines 51 (46), 52 (57), and 53 (5S) with the corresponding 
distibines 22 (25,26), 36 (37), and 30 (22). Diarsines 52 and 53 crystallize in 
gauche conformations as opposed to the trans-staggered conformation of 
the distibines. In neither case are there intermolecular As---As contacts 
shorter than 4 A. However, the lack of conformational correspondence 
makes any comparison tenuous. 

A B 

(CH 3 ) 4 E 2 l(OH 3 ) 3 Si]4 E 2 

E = P, SO 

E = As, 51 E = As, 52 

E = Sb, 22 E = Sb, 36 

E = Bi, 23 E = Bi, 37 


C 



E = As, 53 
E = Sb, 30 
E = Bi, 31 


Scheme 6. Analogous series of dipnictogen compounds. 
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TABLE VII 


Intramolecular E—E and Intermolecular E—E Bond Lengths of the 
Tetramethyldipnictogens (CH 3 ) 4 E 2 


Compound 

E-E (A) 

E- E (A) 

van der Waals 
separation (A) 

E—E/E—E 

Reference 

(CH 3 ) 4 P 2 (50) 

2.21 

3.81 

3.80 

1.72 

46 

(CH 3 ) 4 As 2 (51) 

2.43 

3.70 

4.00 

1.52 

46 

(CH 3 ) 4 Sb 2 (22) 

2.84 

3.68 

4.40 

1.30 

26 


2.86 

3.65 


1.28 

25 

(CH 3 ) 4 Bi 2 (23) 

3.12 

3.58 

4.60 

1.15 

46 


A more informative comparison may be made for the four tetramethyl¬ 
dipnictogens 50, 51, 22, and 23. Although tetramethyldistibine (22) is not 
isostructural with tetramethyldiarsine (51) and tetramethyldiphosphine 
(50), all four tetramethyldipnictogens crystallize in similar trans conforma¬ 
tions. Crystal packing shows a linear array of pnictogen atoms E—E--- 
E—E. Although the intermolecular contacts (P—-P, 3.81 A, and As---As, 
3.70 A) are only slightly longer than the Sb—Sb contact (3.65 A), the 
ratio of intramolecular and intermolecular E distances (E—-E/E—E) falls 
regularly in the series from 1.72 and 1.52 for 50 and 51 to 1.30 and 1.15 for 
22 and 23 (see Table VII) (25,26,46). This suggests that the brake in 
appreciable intermolecular interaction occurs in the range of 1.50 to 1.30. 

An examination of the interpnictogen compound dimethylarsino- 
(dimethylstibine) [(CH 3 ) 2 AsSb(CH 3 ) 2 , 54] would be particularly interest¬ 
ing in order to test the limits of this brake. Unfortunately, 54 could not be 
obtained in pure form owing to the mobility of the equilibrium between 
tetramethyldistibine (22) and tetramethyldiarsine (51) (51). However, the 
thermochromic arsinostibine l-(2,5-dimethylarsoIo)-2,5-dimethylstibole 
(55) was obtained from sublimation of mixtures of the corresponding 
biarsole 53 and bistibole 30 (see Scheme 7). The observed blue shift from 
the bistibole is an expected consequence of a stronger As—Sb than 
Sb—Sb a bond. 

Comparison of the tetramethyldipnictogens with the isoelectronic dihal¬ 
ogens is particularly informative. Cl 2 , Br 2 , and I 2 crystallize in isostruc¬ 
tural molecular lattices with increasing intermolecular interaction (54,59). 
For iodine, the atoms are connected intramolecularly at 2.72 A and inter- 
molecularly in a two-dimensional rectangular net at 3.50 and 3.97 A. The 
ratio E---E/E—E drops from 1.68 for Cl 2 to 1.29 for I 2 . Only for I 2 is 
there an appreciable intermolecular interaction. Again the brake occurs be¬ 
tween the fourth and fifth periods of elements (see Table VIII) (54,59). The 
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iodine association has been subject to theoretical treatment that may be 
applicable to the dipictnogen compounds (60). 

Ditellurides, also in the fifth period, seem quite analogous to distibines. 
Like tetraphenyldistibine (1) the red diphenylditelluride (56) does not 
associate in the solid state. The closest intermolecular Te---Te contact is 
4.255 A, near the van der Waals separation of 4.40 A (61). On the other 
hand, di(p-methoxyphenyl)ditelluride (57), which has a brown-green 
metallic luster in the solid, has close intermolecular Te---Te contacts of 
3.57 and 3.98 A (62). The ratio Te---Te/Te—Te is 1.32. Just as in the 
distibines the intermolecular bonding in ditellurides is sensitive to substitu¬ 
tion. It is also interesting to note that the intermolecular interaction in 
ditellurides and dihalogens occurs normal to the metal-metal axis, as well 
as colinear as in distibines (63). Thus, it is clear that the intermolecular 
association shown by distibines is a general property of many of the 
diatomic like compounds of the heavier main group elements. 


TABLE VIII 

Comparison of Shortf.ned Intermolecular E—E and Intramolecular E—E 
Distances of Dihalogens 


Compound E—E (A) 

E-E (A) 

van der Waals 
separation (A) 

E—E/E—E 

Reference 

Cl 2 1.98 

3.32 

3.60 

1.68 

59 

Br 2 2.27 

3.31 

3.90 

1.46 

59 

I 2 2.72 

3.50 

4.30 

1.29 

54 
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IX 

CONCLUDING REMARKS 

In summary, distibines and dibismuthines show a propensity to stack in 
the solid state. The search for new organic conductors and superconductors 
has focused on compounds with stacked structures in the solid state (64). 
The metal atom chains of thermochromic distibines and dibismuthines 
appear to have sufficient overlap to create channels for conduction. 
However, distibines do not have an average non integral charge which 
is essential for high conductivity. Indeed, the thermochromic tetrakis- 
(trimethylstannyl)distibine (40) and 2,2',5,5'-tetramethylbistibole (65) 
have been found to be insulators. A recent theoretical study by Canadell 
and Shaik (48) however, has suggested that incorporation of antimony into 
conjugated organic networks such as phenalenyl will lead to distibinelike 
stacked molecules with an open band structure. Synthetic exploration 
along these lines should be very interesting. 
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I 

INTRODUCTION 

This review covers the research on the main group (groups 2 and 13-16) 
heterocarboranes published since 1982. 1 Earlier work is discussed only as 
background to current results or for purposes of comparison. There are 
several monographs (1-3) and a number of reviews (4-6b) that adequately 
cover the earlier literature. Recent advances in the research of main group 
metallacarboranes containing groups 13 and 14 metals and/or metalloids 
have also been reviewed (7). 

Carboranes, or carbaboranes, are mixed hydrides of carbon and boron 
in which atoms of both elements are incorporated in an electron-deficient 
molecular skeleton. These compounds can react with other main group 
elements or moieties to form heterocarboranes. Our discussion is restricted 
to heterocarboranes in which the main group element is incorporated as an 
integral part of the polyhedral framework. No attempt is made to cover 
the inclusion of transition metals or those compounds where the main 
group heteroatom is in a bridging group linking several carborane poly- 
hedra together or when it is involved solely as a member of a substituent 
group. This restriction is dictated both by space and by the fact that the 
heteroatoms incorporated into carborane cages have unique properties 
that are not typical of their usual chemical behavior. Since there are no 
known examples of atoms in groups 1 or 17 being incorporated into 
carborane cages, these groups are not specifically discussed. A great deal 
of structural information has recently become available on main group 


1 The former groups 2A, 3A, 4A, 5A, and 6A have been redesignated, respectively, as 
groups 2, 13, 14, 15, and 16 in accordance with recent IUPAC nomenclature rules. 
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heterocarboranes. Therefore, this article concentrates as much on the 
structural and bonding features of these compounds as on their reaction 
chemistry. 


GENERAL VIEW OF BONDING AND 
STRUCTURAL RELATIONSHIPS 

The main geometries encountered in this review are shown in 
Fig. 1. In the closed (closo) structure (Fig. lb) the skeletal atoms occupy 
all corners of a polyhedron, while in the open (nido) structure (Fig. la) 
one corner of the polyhedron is vacant. This open face is usually the 
location of attachment when the carborane bonds to a metal group. In 
some cases, the metal can occupy common vertices of two polyhedra to 
give a commo structure (Fig. lc). 

There is a simple relationship between the number of skeletal electron 
pairs and the geometry (<5). For a carborane containing n skeletal atoms 
with formula (CH) 0 (BH)„_ a H fc c “, the number of electron pairs ( P ) in¬ 
volved in cage bonding is n + $(a + b + c). That is, each CH unit can 
furnish three electrons, each BH unit furnishes two electrons, while the 
bridged hydrogens (H h ) each contribute one. The electrons are contained 
in n + 1 bonding molecular orbitals formed by interaction of three orbitals 
(one radially oriented p or sp hybrid and two tangentially oriented p 
orbitals) from each of the framework atoms (Cs and Bs). The general rule 
states that a closo structure is preferred if P = n + 1; a nido structure, if 
P = n + 2; and an arachno structure, if P = n + 3 (S). Thus, while C 2 B 10 - 



a b c 


Fig. 1. (a) nido (open), (b) closo (closed), and (c) commo (sandwich) geometries of main 

group heterocarboranes. (O) BH, (•) CH, (o) H, and (•) heteroatom. 
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H 12 and [C 2 B 9 H U ] 2_ (or C 2 B 9 H 13 ) both have 13 electron pairs, C 2 B 10 H 12 
will have a closo structure (13 = 12 + 1) and C 2 B 9 H 13 will have a nido 
structure (13 = 11 + 2). 

These ideas can be extended to heterocarboranes by noting that the 
replacement of a BH unit in a carborane by some other group which can 
furnish two electrons and three similarly oriented orbitals (or isolobal with 
BH) to the cage will not change the general geometry. Groups such as 
AIR, GaR, and Sn all have these characteristics (9). Since C 2 B 10 H 12 is 
known to have a closo geometry (10), RAlC 2 B 9 H n , RGaC 2 B 9 H n , and 
SnC 2 B 9 H n should also have the same geometry. As will be seen in later 
discussions, these geometries have been confirmed experimentally. The 
same isolobal arguments can be extended to transition metal heterocarbor¬ 
anes (S). It should be noted that the replacement of a terminal hydrogen 
with some other group does not change the above arguments; the electron 
counting rules can be applied to derivatized carboranes as well. The 
geometries of closo polyhedra having 4 to 14 vertices with the standard 
numbering system are shown in Fig. 2 (6). 

The most cited heterocarboranes are those derived from the dianions of 
the m'do-carboranes 7,8-R 2 C 2 B 9 H n and 2,3-R 2 C 2 B 4 H 6 (R = substituents 
on the cage carbons) in which the two cage carbons occupy adjacent 
positions in the open pentagonal faces of the polyhedra. The dianions have 
six delocalized electrons in 77 -type orbitals on the open pentagonal face of 
the C 2 B 3 rings, the same as found in the cyclopentadienyl anions, [C 5 R 5 ]~. 
This similarity was first recognized by Hawthorne et al. (11) and has been 
profitably exploited by many investigators (1-6). However, there are a 
number of important differences. First, instead of being orthogonal to the 
open pentagonal faces, the orbitals of the carborane anions are tilted 
inward (Fig. 3) (3,6). The metal orbitals will thus tend to overlap more 
effectively with the carborane orbitals than with those of cyclopentadienyl 
anion. Second, the higher polarizability of boron versus carbon would 
encourage stronger metal-carborane bonding. Third, the C 2 B 3 face of the 
carborane is not necessarily flat but can be slightly folded away from the 
capping metal group. This folding, coupled with the heteronuclear nature 
of the carborane bonding face, encourages a slippage of the capping metal 
atom away from the centroidal position above the pentagonal face. Slip 
distortion seems to be a common feature of the main group heterocarbor¬ 
anes, and slippage is invariably toward the boron side of the C 2 B 3 face. 
The last difference to be noted is that of charge; the carborane ligands bear 
a 2- charge while the cyclopentadienide ligands are monoanions. This 
increased charge should help stabilize bonding with positively charged 
metal or metal groups and can effect the metal oxidation state most 
stabilized by bonding to the carborane. 
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Fig. 2. Geometries of closo polyhedra having 4 to 14 vertices, showing standard number¬ 
ing system: (a) tetrahedron, (b) trigonal bipyramid, (c) octahedron, (d) pentagonal bipyr¬ 
amid, (e) dodecahedron, (f) tricapped trigonal prism, (g) bicapped square antiprism, 
(h) octadecahedron, (i) icosahedron, (j) docosahedron, and (k) bicapped hexagonal anti¬ 
prism. [Reprinted with permission from R. N. Grimes (6a), in “Comprehensive Orga- 
nometallic Chemistry” (G. Wilkinson, F. G. A. Stone, and E. W. Abel, eds.). Copyright 
1982, Pergamon Press PLC.] 
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it overlap with metal C 2 B 4 H 6 J -> C 2 B»H 11 2 -> C S H 5 - 

Fig. 3. Comparison of ij 5 -bonding capabilities of carborane ligands and cyclopenta- 
dienide anion. [Reprinted with permission from R. N. Grimes (6b), in “Molecular Structure 
and Energetics” (J. F. Liebman, A. Greenberg, and R. E. Williams, eds.), Copyright 1988, 
VCH, New York.] 


Ill 

STABILITY 

The c/oso-metallacarboranes containing transition metals possess high 
thermal stability, many being stable at temperatures of 500°C or more for 
short periods of time. On the other hand, many of the main group metalla- 
carboranes decompose above 300°C. C-Trimethylsilyl-substituted main 
group heterocarboranes are often more air stable than the C-H- and/or 
alkyl-substituted ones. The hydrolytic stability of the c/oso-metalla- 
carboranes varies greatly. For example, {Ni ,n [Tj 5 -(CH) 2 B 9 H 9 ] 2 } _ can be 
prepared in aqueous media, while C 2 H 5 Al[i 7 5 -(CH) 2 B 9 H 9 ] must be pre¬ 
pared in high vacuum systems (J). Since it is difficult to predict the sta¬ 
bility of a particular main group heterocarborane, each new compound 
should be handled in an inert atmosphere or in a high vacuum line until its 
stability is determined. 


IV 

STRUCTURAL NOMENCLATURE 

The systematic naming of the metallacarboranes is exceedingly awk¬ 
ward and is generally avoided, with heavy reliance being placed on the 
use of figures and line formulas to convey molecular structures. For exam¬ 
ple , closo -1 -S n-2,3-[(CH 3 ) 3 Si]2-2,3-C 2 B 4 and c/oso-l-Sn(2,2 '-C 10 H 8 N 2 )-2,3- 
[Si(CH 3 ) 3 ] 2 -2,3-C 2 B 4 H 4 have the IUPAC names “[2,3,4,5,6-rj)-l,4,5,6- 
tetrahydro-2,3-bis(trimethylsilyl)-2,3-dicarbahexaborato(2-)]tin” and 
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“(2,2'-bipyridine-A , ,A/')[(4,5,6-7j)-l,4,5,6-tetrahydro-2,3-bis(trimethyl- 
silyl)-2,3-dicarbahexaborato(2-)]tin,” respectively (12a,b). The commo 
germanium compound l,r-Ge{Tj 5 -2,3-[(CH 3 )3Si]2-2,3,-C2B4H4} 2 could 
be named as either “2,2',3,3'-tetrakis(trimethylsilyl)[l,T-commo-bis- 
(2,3-dicarba-l-germa-c/oso-heptaborane)]” (12a,b) or “bis[(2,3,4,5,6-rj)- 
1,4,5,6- tetrahydro - 2,3 - bis(trimethylsilyl )-2,3 -dicarbahexaborato (2 -)] 
germanium.” 

The IUPAC rules are also ambiguous with respect to the order in which 
hetero (nonboron) atoms are to be numbered in a given polyhedral cage, 
when more than one type of heteroatom is present. The situation led to 
confusion, with different numbering conventions being used by different 
investigators. Hawthorne and co-workers formerly assigned lowest 
framework numbers to the metal atoms but more recently have given 
priority to the carbon atoms; thus, the compound closo- 1-C 2 H 5 -1,2,3- 
A1C 2 B 9 H u was later designated as c/oso-3-C 2 H 5 -3,1,2-A1C 2 B 9 H u . It has 
been a general practice that ligand groups attached to the metal atom(s) 
are not designated by number, and ligands not specified by a number may 
be assumed to be bonded to the metal. Because of these ambiguities, the 
reader is cautioned to refer to the relevant figures when compounds are 
mentioned in the text. 


V 

HETEROCARBORANES OF GROUP 2 ELEMENTS 

Among group 2 elements, only beryllium is known to have been inserted 
into a carborane polyhedron. Even though cyclopentadienyl n complexes 
of the heavier alkaline earth meals are known, analogous carborane com¬ 
plexes have not been reported. 

The reaction of nido-\,2-C 2 B g H l3 wiith dimethyl- or diethylberyllium in 
ether produces an extremely air-sensitive white solid etherate of the ico- 
sahedral beryllacarborane as shown in Eq. (1) (13,14). The reaction of 

l,2-C 2 B.)Hi3 + BeR 2 -2[0(C 2 H 5 ) 2 ] (C ^°» c/oio-3-[0(C 2 H 5 ) 2 ]-3.1,2-BeC 2 B<,H M 
+ (C 2 H 5 ) 2 0 + 2 RH R = CH,,C 2 H 5 (1) 

l, 2 -C 2 B 9 Hi 3 with diethylberyllium containing only one-third of a mole 
equivalent of complexed diethyl ether proceeds differently, yielding a 
polymer which is proposed to have repeating BeC 2 B 9 H u units linked by 
B—H—B bridges (13). The treatment of either the diethyl etherate 
monomer or the polymer with triethylamine produces the solid amine 
adduct (CH 3 ) 3 NBeC 2 B 9 H n , which is considerably less air sensitive but is 
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Fig. 4. Proposed structure of c/oso-l-Be[N(CH 3 )3]-2,3-C 2 B 9 H n . (O) BH and (•) CH. 
[Reprinted with permission from G. Popp and M. F. Hawthorne (13), Inorg. Chem. 10, 391 
(1971). Copyright 1971 by the American Chemical Society.] 

degraded to l,2-C 2 B 9 H l2 ~ by ethanolic KOH. The (CH 3 ) 3 NBe group, a 
two-electron donor, is isolobal with BH. Thus, the closo icosahedral struc¬ 
ture of (CH 3 ) 3 NBeC 2 B 9 H u (Fig. 4) can be inferred by noting that it can be 
formally derived by replacing a BH group in c/oso-1,2-C 2 Bi 0 Hi 2 by 
(CH 3 ) 3 NBe. Presumably, the etherate produced in Eq. (1) also has a closo 
geometry. Attempts to produce BeC 2 B 9 Hn and other base-stabilized be- 
ryllacarboranes have not been successful (13). There have been no reports 
of smaller cage beryllacarboranes. 


VI 

HETEROCARBORANES OF GROUP 13 ELEMENTS 

Since this review involves a discussion of the insertion of heteroatoms 
in carborane cages, the group 13 elements discussed are aluminum, gal¬ 
lium, indium, and thallium. Aluminum, gallium, and indium have been 
successfully inserted into both C 2 B 4 and C 2 B 9 carborane systems. Thal¬ 
lium^) acetate was found to react with [7,8-BgC^Hn] - in aqueous alkaline 
solution to yield (Tl) 2 B 9 C 2 H n (75). The crystal structure of the 
(C 6 H 5 ) 3 PCH 3 + salt of [T1B 9 C 2 H u ]~ showed the T1 to occupy the apical 
position above the B 9 C 2 H n open face with a very slight slippage away from 
the carbon atoms. The fact that thallium-cage bond distances are greater 
than expected from the covalent radii of the atoms involved has been taken 
to indicate that their interaction is essentially ionic (76). However, the 
pale yellow color of the [TlB 9 C 2 H n ]~ derived from the colorless Tl + and 
C 2 B 9 H n 2 ~ implies some covalent interactions. The thallium is loosely 
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Fig. 5. Crystal structure of c/oio-l-C 2 H 5 -l,2,3-AlC 2 B g H,,. (O) BH and (•) CH. [Re¬ 
printed with permission from M. R. Churchill and A. H. Reis, Jr. (20), J. Chem. Soc., Dalton 
Trans., 1317 (1972). Copyright 1972 by the Royal Society of Chemistry.] 

ligated by the carborane cage; hence, the thallacarboranes are useful pre¬ 
cursors for the syntheses of other metallacarboranes. 

In 1968, Mikhailov and Potapova (17) reported the synthesis of the first 
c/oso-aluminacarborane, l-C 2 H 5 -l,2,3-AlC 2 B 9 H n , as its bis(tetrahydro- 
furan) adduct, by the reaction of [C 2 B 9 H,,] 2- with C 2 H 5 A1C1 2 in THF at 
-50°C. Later, Hawthorne and co-workers (18,19) reported the syntheses 
of c/oso- 1-C 2 H 5 -A1C 2 B 9 H„, c/oso-l-CH 3 -AlC 2 B 9 Hn, and closo- 1-C 2 H 5 - 
GaC 2 B 9 H u as shown in Eq. (2). The syntheses involve the initial forma- 

7, 8-B g C 2 H„ + MR,—* RH + wdo-7,8-B„C 2 MH 12 R 2 c/oso-l-R-MC^H,, + RH 

M = Al; R = CH,, C,H,; and M = Ga; R = C 2 H, (2) 

tion of the corresponding nido- B 9 C 2 MH ]2 R 2 derivatives which undergo 
cage closure with the elimination of 1 mol of RH to form the closo com¬ 
plexes. The closo geometry of 1-C 2 H 5 -1,2,3-A1C 2 B 9 H U was confirmed by 
Churchill and Reis (20) by X-ray diffraction (Fig. 5). The (C 2 H 5 )A1 is sit¬ 
uated above the C 2 B 3 open face with the CH 2 carbon lying approximately 
along the aluminum-apical boron axis. The aluminum-cage bond dis¬ 
tances [Al-C-1,2 = 2.173(7); Al-B-4,7 = 2.138(8); and Al-B(unique) = 
2.136(9) A] indicate that the A1(C 2 H 5 ) is situated almost symmetrically 
above the carborane open face with only a slight slippage away from the 
cage carbons (20). 

Jutzi and Galow (21) found the aluminacarborane 2,3-(CH 3 ) 2 -l-C 2 H 5 - 
1,2,3-A1C 2 B 9 H 9 to be a convenient carbollyl transfer agent when reacted 
with a number of main group halides as outlined in Scheme 1. The struc¬ 
tures of the products were inferred from NMR data. These investigators 
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Fig. 6. Crystal structure of commo-3,3'-Al{[ejto-8,9-(/u-H) 2 Al(C 2 H5) 2 -3,l,2,AlC 2 B<,H 9 ]- 
(3 , ,r,2'-AlC 2 B 9 H 11 ]}. [Reprinted with permission from W. S. Rees, Jr., et al. (22), J. Am. 
Chem. Soc. 108, 5367 (1986). Copyright 1986 by the American Chemical Society.] 

also report that the aluminacarborane forms adducts with Lewis bases, such 
as diethyl ether and tetrahydrofuran, where the aluminum acts as a Lewis 
acid site. The use of stronger bases evidently removes the apical aluminum 
group, yielding the [(CH 3 ) 2 C 2 B 9 H 9 ] 2_ which was detected spectroscopically 
(21). No X-ray structural data were given for the alumincarborane-Lewis 
base adducts. This is unfortunate, since the electron counting rules would 
predict that these adducts should have nido structures. As discussed in 
Section VII, electron counting rules for such acid-base adducts of metalla- 
carboranes are of limited use in many cases. 

The syntheses of the comrao-aluminacarboranes have been reported 
extensively by Hawthorne and co-workers. These investigators found 
that commo-3,3'-Al{[ejto-8,9-(/i-H) 2 Al(C 2 H 5 ) 2 -3,l,2-AlC 2 B 9 H 9 ](3',r,2'- 
A1C 2 B 9 H u )} was formed in 93% yield on stirring a benzene solution of 
c/0j0-3-C 2 fV3,L2-AlC 2 B 9 H n 2 under an atmosphere of CO at ambient 
temperature (22). The structure of this unusual compound (Fig. 6) shows 

2 This compound was designated as c/two-l-C 2 H 5 -l,2,3-AIC 2 B 9 H u when its synthesis was 
first reported (18,19). The present designation is due to a change in the numbering system 
since its first report. 
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one aluminum to be rj 5 bonded to the faces of two C 2 B 9 carborane cages. 
The other aluminum is involved in an exopolyhedral diethylaluminum 
group which is attached to one of the carborane cages via two B—H—A1 
bridges. Thus, the compound may be regarded as a “zwitterion” of the 
[A1(C 2 H 5 ) 2 ] + cation and the [Al(C 2 B 9 H n ) 2 ]“ anion. The two carborane 
cages are essentially planar, and the co/wmo-aluminum atom is approx¬ 
imately in the center of each carborane face but is dislocated toward the 
carborane cage having the exopolyhedral aluminum. 

The T1(I) salt of the isolated [com/no-3,3'-Al(3,l,2-AlC 2 B 9 H 11 ) 2 ]' ion 
was reported most recently (23). This compound was synthesized from the 
reaction of Tl 2 B 9 C 2 H n with a variety of alkylaluminum chlorides or trial- 
kylaluminum compounds as outlined in Eq. (3). This commo complex has 

2 n 2 [m</o-7,8-C 2 B 9 H„] + 4 A1R 2 CI Tl(commo-3,3'-Al(3,l,2-AlC 2 B 9 H n ) : ] 

+ 2 T1[A1R 3 C1] + TI[A1R 2 CI 2 ] R = QH, (3) 

been characterized by 'H and "B NMR, IR, and X-ray crystallography 
(23). The unit cell consists of three crystallographically unique anionic 
co/n/no-aluminacarboranes, one of which is shown in Fig. 7. In all three, 
the aluminum is equidistant from the two planar, parallel faces of the 
carborane ligands, but slipped toward the three borons on the C 2 B 3 faces 
[the Al-B-8 distances are 2.14(2) A]. The three anions differ in that in one 
form the aluminum resides in the mirror plane containing B-8, B-10, and 



Fig. 7. One of the three crystallographically unique structures of Tl[co/nmo-3,3’- 
Al(3,l,2-AlC2B 9 H n )2]. [Reprinted with permission from M. A. Bandman el al. (23), Inorg. 
Chem. 27, 2399 (1988). Copyright 1988 by the American Chemical Society.] 
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the midpoint of the C-l-C-2 bond, while in the other two forms the 
aluminum seems to be slightly displaced out of the plane, toward B-7 in 
one case and B-4 in the other (23). It is of interest that the removal of the 
exopolyhedral aluminum in the zwitterionic dialumina compound causes a 
centering of the remaining aluminum between the two carborane ligands 
and an increased slippage of the metal across the carborane faces. 

In a series of papers, Hawthorne and co-workers have also reported the 
syntheses and structures of the smaller cage aluminacarborane clusters, 
nido-{^- 6 , 9 -Al(C 2 H 5 )[O(C 2 H 5 ) 2 ]- 6 , 9 -C 2 B 8 H l0 }, [A1 (tj 2 -6,9-C 2 B 8 H 10 ) 2 ]“, 
and [A1 (tj 2 -2,7-C 2 B 6 H 8 ) 2 ]^ as shown in Figs. 8-10 (24-27). In these com¬ 
plexes the carborane dianions act as 17 2 ligands that donate four electrons, 
via two carbon-based orbitals, to a tetrahedrally coordinated aluminum. 
The rather long aluminum-boron distances suggest an absence of A1—B 
bonding. The aluminum can best be described as a bridging, exopolyhedral 
group that does not participate in cage framework bonding. 

Although the icosahedral commo- and c/oso-aluminacarboranes have 
been extensively characterized and their reaction chemistry explored, the 
corresponding aluminacarboranes in the pentagonal bipyramidal system 





Fig. 9. Crystal structure of [AI(ij 2 -6,9-C2B 8 H| 0 )2] _ anion, with hydrogen atoms omitted 
for clarity. [Reprinted with permission from D. M. Schubert el al. (25), Organometallics 6, 
203 (1987). Copyright 1987 by the American Chemical Society.] 

B(4a) 
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have proved to be illusive. This is somewhat surprising since there is a 
striking parallelism in the two systems of main group metallacarboranes. 
Grimes and co-workers (28) have reported the syntheses of a number of 
bridged main group and transition metal complexes as described in 
Eq. (4). The /i.-(CH 3 ) 2 AIC 2 B 4 H 7 was extremely unstable, decomposing 
even in carefully dried solvents or in neat liquid form. Its existence was 
inferred by mass spectrometry. The compound was much more stable in 
the gas phase; the pyrolysis at 100°C yielded a volatile material whose mass 
and IR spectra were consistent with a c/oso-(CH 3 )AlC 2 B 4 H 6 species (28). 

Na + [2,3-C,B 4 H 7 ]-+ M(CH,) 2 X -* m-(CH),MC 2 B 4 H 7 + MX 

M = Ga, At; X = Cl, Br (4) 

Beck and Sneddon (29) have recently described the reaction of nido- 2,3- 
(C 2 H 5 ) 2 C 2 B 4 H 6 with triethylaminealane [(C 2 H 5 ) 3 N-A1H 3 ] under various 
conditions to produce three new small cage aluminacarboranes as outlined 
in Scheme 2. At 0°C, the reaction proceeds by the elimination of 1 equiv of 
H 2 to produce the bridged n/do-4,5-/i-AIH 2 -N(C 2 H 5 ) r 2,3-(C 2 H s ) 2 C 2 B 4 H 5 
in 91% yield. Subsequent heating of this compound to 50°C results in the 
loss of another equivalent of H 2 to produce 6-AlH[N(C 2 H 5 ) 3 ]-3,4- 
(C 2 H 5 ) 2 C 2 B 4 H 4 . This compound was described as a seven-vertex nido- 
aluminacarborane in which the [(C 2 H 5 ) 3 N]A1H group is 17 3 bonded to the 
carborane cage through the aluminum. This is interesting since seven- 
vertex nido cage systems are rare. Further heating of this compound at 
70°C in the presence of 2,3-(C 2 H s ) 2 C 2 B 4 H 6 produces a novel compound, 
commo-(AlN(C 2 H 5 ) 3 -[ 6 -AlN-(C 2 H 5 ) 3 - 3 , 4 -(C 2 H 5 ) 2 C 2 B 4 H 4 ][ 4 ', 5 '-/x-AlN- 
(C 2 H 5 ) 3 -2',3'-(C 2 H 5 ) 2 C 2 B 4 H 5 ], in which the aluminum in the seven- 
vertex nido cage also occupies a bridging position in an adjacent C 2 B 4 
carborane. All three of the aluminacarboranes could be prepared directly 
from (C 2 H 5 ) 3 N-A1H 3 and 2,3-(C 2 H 5 ) 2 C 2 B 4 H 6 under the appropriate 
temperature and stoichiometric conditions. The structures of the com¬ 
pounds were inferred from the 'H- and ll B-NMR and IR spectra (29). The 
commo complex is a solid at room temperature, and it may be possible to 
obtain an X-ray crystal structure of this compound that would verify all 
three proposed molecular geometries. 

In contrast to the rather rich and varied chemistry reported for alumina¬ 
carboranes, only limited information is available on the heavier group 13 
metallacarboranes. The preparation of closo -1 -C 2 H 5 -GaC 2 B 9 H,, by 
Hawthorne and co-workers (18,19) was described earlier [see Eq. (2)]. 
Grimes et al. (30) have reported the synthesis of closo- 1-(CH 3 )-1,2,3- 
GaC 2 B 4 H 6 and l-(CH 3 )-l,2,3-InC 2 B 4 H 6 by the gas-phase reaction of 
Ga(CH 3 ) 3 and In(CH 3 ) 3 with C 2 B 4 H 8 . Reaction conditions and yields are 
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Scheme 2. [Reprinted with permission from J. S. Beck and L. G. Sneddon (29), J. Am. 
Chem. Soc. 110, 3467 (1988). Copyright 1988 by the American Chemical Society.] 


given in Eqs. (5) and (6). This preparative route is similar to that given in 

C 2 B 4 H„ + Ga(CH,) 3 - 2 ' 5 ° C * (CH 3 )GaC 2 B 4 H 6 + B(CH 3 ), + solids (5) 

20-30% 

C a B 4 Ha + In(CH*) 3 95 ~ n0 ° c > (CH 3 )InC 2 B 4 H 6 + B(CH 3 ) 3 + soiids (6) 

50-60% 

Eq. (2) for the C 2 B 9 system. Evidently, this type of reaction cannot be 
used to prepare CH 3 A1C 2 B 4 H 6 . As one goes from indium to gallium, the 
production of the metallacarborane requires higher temperatures and the 
yield decreases. It may be that the temperatures necessary to cause 
the reaction of A1(CH 3 ) 3 would result in vanishingly small yields. 

The mechanisms of the reactions in Eqs. (2), (5), and (6) have not been 
fully elucidated, and the similarities between the preparative routes may be 
superficial. X-Ray crystal structures (19,20) have confirmed the bridging 
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Fig. 11. Crystal structure of c/<M0-l-CH r l-GaC 2 B 4 H 6 . [Reprinted with permission from 
R. N. Grimes et al. (30), J. Am. Chem. Soc. 94,1865 (1972). Copyright 1972 by the American 
Chemical Society.] 


nature of the A1(CH 3 ) 2 group in mdo-7,8-B 9 C 2 H 12 Al(CH3) 2 [in Eq. (2)], 
and cage closure on heating to form c/os 0 -l-CH 3 -AlC 2 B 9 H n is quite 
reasonable. In the case of the smaller cage systems [Eqs. (5) and (6)], 
however, the interpretation of the reaction sequence is not so straightfor¬ 
ward. Grimes and co-workers prepared the bridged /a.-(CH 3 ) 2 GaC 2 B 4 H 7 
complex [Eq. (4)] but could not find suitable experimental conditions 
under which it would rearrange to the c/oso-gallacarborane (30). It may be 
that the chemistry of C 2 B 4 system containing group 13 metals is different 
from that of the Q>B 9 system. 

The structure of c/<wo-l-CH 3 -l-GaC 2 B 4 H 6 was determined by X-ray 
crystallography (30) and is shown in Fig. 11. The structure is that of a 
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distorted pentagonal bipyramid in which the position of the Ga is shifted 
slightly so that the primay Ga—C distances are longer than the Ga—B 
distances by about 0.1 A. Also the Ga—CH 3 bond is tilted by about 20° 
away from the Ga-B-7 axis. This can be compared to the structure of 
c/oso-l-QHs-AIQBgHn (Fig. 5) in which a slight distortion is also found 
(20) but the C 2 H 5 group is not tilted. Grimes et al. speculated that the 
distortion may be due to the participation of filled d-orbitals on the Ga in 
back 7 t bonding to the vacant e 2 orbitals of the C 2 B 4 cage (30). Although 
the structure of l-CH 3 -InC 2 B 4 H 6 was not determined, the similarities in 
the n B- and *H-NMR, mass, and IR spectra of this compound and 1-CH 3 - 
GaC 2 B 4 H 6 would lead one to expect a similar distortion in the indacarbor- 
anes. 

Recently, Canadell et al. (31) have reinvestigated the reason for the tilt 
in l-CH 3 -GaC 2 B 4 H 6 . Extended Hiickel calculations on this system indicate 
that d orbital back it bonding is not needed to explain this distortion. 
Walsh diagrams show that the energy of two occupied molecular orbitals 
(Fig. 12) change as the Ga—CH 3 bond is tilted away from the Ga-B-7 
axis. As the tilt angle increases, the energy of 4 s drops fairly rapidly while 
that of 2s increases, but less sharply. The 4 s orbital is concentrated mainly 
on the Ga and the B-5 atom (see Fig. 12). Bending would increase the 
overlap between the GaCH 3 fragment and the carborane ligand, thereby 
stabilizing the orbital. The 2s orbital, which can be described as a 
ttq^c + °GaCHj interaction, will become less stabilized with bending. Since 
the GaCH 3 fragment interacts much less with the carborane in 2s than in 
4$, there is a net increase in bonding with distortion. Although these 
authors did not mention slippage of the Ga away from a centroidal position 
above the C 2 B 3 face, the same types of interactions could be used to 
rationalize this distortion. As the Ga moves toward the B-5 atom 4s should 
decrease in energy because of increased overlap between the GaCH 3 and 
carborane fragments, while the energy of 2s should increase. As was the 
case for tilting, the difference between the extent of fragment interaction in 
the two molecular orbitals would lead to an overall stabilization on slip¬ 
page. It would be of great interest to see if the icosahedral closo- 
alkylgallacarboranes show this type of distortion. 

It is unfortunate that there is not more work appearing on the chemistry 
and structures of group 13 heterocarboranes. The results that are available 
raise intriguing questions and tend to pique one’s curiosity. From the 
recent work of Hawthorne et al. on the aluminum sandwich complexes and 
of Sneddon et al. on the smaller cage systems, it is apparent that there is a 
wealth of fascinating chemistry yet to be explored in the group 13 carbor¬ 
ane systems. 
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4S 2S 

Fig. 12. 4s and 2s molecular orbitals in l-CH 3 -GaC 2 B 4 H 6 . [Reprinted with permission 
from E. Canadell el at. (31), Organometallics 3, 759 (1984). Copyright 1984 by the American 
Chemical Society.] 


VII 

HETEROCARBORANES OF GROUP 14 ELEMENTS 

The compounds discussed in this section are those involving the reac¬ 
tions of carboranes with compounds of silicon, germanium, tin, and lead. 
Reactions leading solely to the expansion of the carborane cage to produce 
larger cage systems with increased carbon content are not considered. 
Research in the reaction of group 14 compounds with carboranes has been 
quite active. All elements in group 14 have been inserted into carborane 
cages. There are many examples in which insertion has been accomplished 
for the group 14 elements in both their +2 and +4 oxidation states. In 
contrast to group 13 heterocarboranes, a great deal of structural informa¬ 
tion is available on these systems. 
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The first group 14 insertions into carborane cages were reported by 
Rudolph and co-workers ( 32a-c), who synthesized the series 1,2,3- 
MC 2 B 9 H u (M = Ge, Sn, Pb). In these compounds the group 14 heter¬ 
oatom, in its +2 oxidation state, can formally be thought of as replacing an 
isolobal BH group in the C 2 B 10 H 12 icosahedron. The +2 oxidation state of 
the tin in SnC 2 B 9 H u was confirmed by 119m Sn Mossbauer effect spectros¬ 
copy (33). The closo structures were consistent with IR, mass, and NMR 
spectroscopy, but characterization of the compounds by single-crystal 
X-ray diffraction was frustrated by the pronounced tendency of these 
almost spherically symmetric compounds to form disordered lattices. These 
investigators also reported the synthesis of the 3-Ge-l,7-B 9 C 2 H tl isomer 
by the reaction of Gel 2 with [7,9-B 9 C 2 H n ] 2_ and by the thermal isomeriza¬ 
tion of l,2,3-GeB 9 C 2 H n at 600°C (32c). A similar reaction using SnCl 2 and 
[7,9-B 9 C 2 H u ] 2_ did not produce the expected product but rather led to an 
oxidative closure of the carborane cage. At about the same time, Todd and 
co-workers (34a,b) reported the synthesis of the germamonocarbaborane 
CH 3 GeCB 10 H u . The CH 3 group could be removed by reaction with 
piperidine to give the [GeCB l0 H u ]“ ion. This ion was found to undergo 
photocatalyzed reactions with M(CO) 6 (M = Cr, Mo, W) to give the cor¬ 
responding [(OC) 5 MGeCB 10 H u ]~. Although no X-ray crystal structures 
were determined for these compounds, it was thought that the 
[GeCB 10 H u ]~ bonds to the transition metal, presumably through the 
germanium, as a two-electron o- donor (34a,b). Since then, a number of 
closo compounds, such as GePCB 9 H 10 and GeAsCB 9 H 10 (35), have been 
reported. Although structural data were not available, other evidence was 
consistent with structures derived by replacing one of the cage CH groups 
in the 1,2,3-MC 2 B 9 H U compounds reported by Rudolph (see above) with 
the group 15 atom. 

Wong and Grimes (36) first reported the pentagonal bipyramidal ana¬ 
logs MC 2 B 4 H 6 (M = Sn, Pb, Ge). From IR, mass, and NMR spectral data, 
the group 14 metal in its +2 oxidation state was proposed to occupy one of 
the apices of seven-vertex closo structure. The GeC 2 B 4 H 6 was too unstable 
to be isolated or characterized, and its existence was inferred by mass 
spectral data. The C,C'-dimethyl substituted smaller cage stannacar- 
borane Sn(CH 3 ) 2 C 2 B 4 H 4 was found to react with (i 7 5 -C 5 H 5 )Co(CO) 2 to 
yield (i 7 5 -C 5 H 5 )CoSn(CH 3 ) 2 C 2 B 4 H 4 (36) in which the Sn and Co atoms are 
thought to occupy adjacent positions in an eight-vertex c/oso-CoSnC 2 B 4 
cage, with the [C^Hs] - tj 5 bonded to the Co. The reaction of MCI, 
(M = Ge, Sn) with [(CH 3 ) 2 C 2 B 4 H 4 ] 2 FeH~ produces MFe(CH 3 ) 4 C 4 B 8 H 8 
(37). Although the structure of this compound has not been determined, it 
is proposed to consist of a [(CH 3 ) 2 C 2 B 4 H 4 ] 2 Fe sandwich complex with the 
M bridging the two carborane cages and forming an Fe—M bond (37). 



Scheme 3. (O) BH, (•) C, and (o) H. R = Me 3 Si, Me, or H. [Reprinted with permission 
from N. S. Hosmane et al. (39), Organometallics 5, 772 (1986). Copyright 1986 by the 
American Chemical Society.] 
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Fig. 13. Crystal structure of c/o50-l-Sn-2-[Si(CH 3 ),]-2,3-C 2 B 4 H 5 . [Reprinted with per¬ 
mission from N. S. Hosmane etal. (39), Organometallics 5, 772 (1986). Copyright 1986 by the 
American Chemical Societv.l 
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Fic. 14. Crystal structure of c/ofo-l-Sn-2-[Si(CHj)3]-3-(CH 1 )-2,3-C2B 4 H 4 . [Reprinted 
with permission from A. H. Cowley etal. (40), J. Chem. Soc., Chem. Commun., 1564 (1984). 
Copyright 1984 by the Royal Society of Chemistry.] 

The first definitive crystal structures of the group 14 c/oso-metalla- 
carboranes were those reported by Hosmane and co-workers ( 38 - 41 ) 
from the reactions involving the monoanion of /iff/o-2-[(CH 3 ) 3 Si]-3-(R)- 
2,3-C 2 B 4 H 6 [R = (CH 3 ) 3 Si, CH 3) H] with SnCl 2 in THF (C 4 H 8 0) to pro¬ 
duce the corresponding stannacarboranes (see Scheme 3). The structures 
of the complexes (Figs. 13-15) show Sn 2+ to occupy an apical position in 
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TABLE I 

Tin-Cage Bond Distances" in l-Sn-2-[Si(CH3) 3 ]-3-(R)-2,3-C 2 B 4 H4 


R 

Sn-C-1 

Sn-C-2 

Sn-B-3 

Sn-B-4 

Sn-B-5 

H 

2.518(5) 

2.475(6) 

2.432(7) 

2.397(8) 

2.431(7) 

CH, 

2.476(3) 

2.489(4) 

2.426(6) 

2.378(6) 

2.402(5) 

Si(CH 3 ) 3 

2.503(3) 

2.492(3) 

2.425(4) 

2.425(5) 

2.434(4) 


"Distances in angstroms; numbering system is for R = H (Fig. 13). 


the SnC 2 B 4 pentagonal bipyramidal cage. The n B- and 'H-NMR spectra 
of these compounds are quite similar to those of the MC 2 B 4 H 6 compounds 
of Wong and Grimes (36), thus confirming the assumption of a closo 
geometry. It seems that the large (CH 3 ) 3 Si group introduces enough asym¬ 
metry that lattice disorder is minimized. The tin atoms are not symmetri¬ 
cally situated above the pentagonal open faces of the carboranes but are 
slightly slipped toward the boron side of the faces. Table I lists the tin-cage 
bond distances for these compounds. In addition to slippage, the open 
C 2 B 3 face is not planar but is slightly folded away from the capping 
heteroatom. This slip distortion was found in the group 13 heterocarbor- 
anes and is a common feature of the closo and commo complexes of d 8 and 
d 9 transition metals (42). 

MNDO-SCF calculations on the model compound closo- 1,2,3- 
SnC 2 B 4 H 6 have been carried out by Maguire et al. (43). Figure 16 shows 
some of the tin-containing molecular orbitals calculated for this compound. 
Orbitals 10a' and 5a", which arise from the interaction of the two HOMOs 
of C 2 B 4 H 6 2- , are polarized toward the boron side of the C 2 B 3 face of the 
carborane and are stabilized by a slight slippage of the tin in that direction. 
This stabilization is offset by an accompanying destabilization in orbitals 
4a", 9a', and la', which are polarized toward the cage carbons. The net 
effect is that tin-carborane interactions would seem to favor slippage 
toward the cage carbons; an increase in intracage bonding favors slippage 
of the tin toward the boron side of the cage. 

Although the capping group 14 heteroatoms in the closo complexes 
all have a lone pair of electrons exo to the cage, there is very little evi¬ 
dence that the lone pairs are chemically active. With the exception of 
Todd’s compound, [GeCB 10 H n ], the group 14 heterocarboranes 
show no tendency to react with Lewis acids ( 32a-c,36,38). In fact, the 
heterocarboranes form donor-acceptor complexes with Lewis bases, with 
the group 14 atoms acting as acid sites. The most studied are the stanna- 
carboranes. Structures have been determined for the 2,2'-bipyridine 
complexes (C 10 H 8 N 2 )Sn[(CH 3 ) 3 Si](R)C 2 B 4 H 4 [R = (CH 3 ) 3 Si, CH 3 ] and 
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Fig. 16. Atomic orbital composition sketches of some molecular orbitals of closo- 1,2,3- 
SnC 2 B„H 6 . [Reprinted with permission from J. A. Maguire el al. (43), Inorg. Chem. 27,3354 
(1988). Copyright 1988 by the American Chemical Society.] 


(C 10 H 8 N 2 )Sn(CH 3 ) 2 C 2 B 9 H 9 (39,40,44), which are shown in Figs. 17-19. 
All show an extreme slippage of the tin toward the boron side of the C 2 B 3 
face in such a way that the tin could be considered to be tj 3 bonded to the 
carborane. The bipyridines are opposite the cage carbons and make 
rather severe bond angles with the cage. For example, in (C 10 H 8 N 2 )Sn- 
[(CH 3 ) 3 Si] 2 C 2 B 4 H 4 (Fig. 17), the dihedral angle between the plane of 
the bipyridine and the C 2 B 3 face is 18.4°. The tin-carbon (cage) bond 
distances are about 0.38 A longer than the tin-B-4 distance (2.75 versus 
2.37 A). 

The reaction of c/oso-Sn[(CH 3 ) 3 Si] 2 C 2 B 4 H 4 with 2,2'-bipyrimidine in a 
2:1 molar ratio yielded the bridged donor-acceptor complex 1,1 '-(2,2'- 
C 8 H 6 N 4 )-{c/oso-l-Sn-2,3-[(CH 3 ) 3 Si] 2 -2,3-C 2 B 4 H 4 }2 in good yield (45). The 




Fig. 17. Crystal structure of l-Sn(C| 0 H 8 N 2 )-2,3-[Si(CH.,) ;l ] 2 -2,3-C 2 B 4 H 4 . [Reprinted 
with permission from N. S. Hosmane el al. (39), Organometallics 5, 772 (1986). Copyright 
1986 by the American Chemical Society.] 



Fig. 18. Crystal structure of l-Sn(C 1 „H 8 N 2 )-2-[Si(CH. 1 ).,]-3-(CH,)-2,3-C 2 B 4 H 4 . [Re¬ 
printed with permission from U. Siriwardane et al. (44), Acta Crystallogr., Sect. C C43, 1067 
(1987). Copyright 1987 by the International Union of Crystallography.] 
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Fig. 19, Crystal structure of l-Sn(C 10 H 8 N 2 )-2,3-(CH 1 )2-2,3^28^1-11,. [Reprinted with 
permission from A. H. Cowley et al. (40), J. Chem. Soc., Chem. Commurt., 1564 (1984). 
Copyright 1984 by the Royal Society of Chemistry.] 


structure (Fig. 20) shows a similar base-stannacarborane orientation, ex¬ 
cept that the tin slippage is slightly less than that found for the analogous 
bipyridine complex. The trans configuration of the two stannacarborane 
cages is probably dictated by steric factors. The structures of several 
c/oso-stannacarborane monodentate Lewis base adducts have also been 



124 


NARAYAN S. HOSMANE and JOHN A. MAGUIRE 



Fig. 21. Crystal structure of l-Sn(C 4 H 8 0)-2,3-(CH 3 ) 2 -2,3-C2B 9 H 9 . [Reprinted with per¬ 
mission from P. Jutzi et al. (46), Organometallics 6, 1024 (1987). Copyright 1987 by the 
American Chemical Society.] 


determined. Figures 21 and 22 show structures of the THF complex of 
2,3-(CH 3 ) 2 -l-Sn-2,3-C 2 B 9 H 9 (46) and the ferrocenylmethyl-/V,A/- 

dimethylamine {(T/ 5 -C 5 H 5 )Fe[Tj 5 -C 5 H 4 CFl 2 N(CH 3 ) 2 ]} complex of 2,3- 
[(CH 3 ) 3 Si] 2 -l-Sn-2,3-C 2 B 4 H 4 (47). Both show less slip distortion than 
found in the corresponding bipyridine complexes. 

The studies have been extended to include at least one tridentate Lewis 
base adduct of the stannacarboranes. Figure 23 shows the structure of the 
terpyridine complex of l-Sn-2-[(CH 3 ) 3 Si]-3-(CH 3 )-2,3-C 2 B 4 H 4 (48). This 
compound is of interest in that one of the end hexagonal rings of the 
terpyridine is oriented at an angle of about 13.9° from the plane of the 
other two rings. As a consequence of this nonplanarity, one Sn—N bond is 
significantly longer than the others (bond distances: Sn-N-11 = 2.687, 
Sn-N-12 = 2.573, Sn-N-13 = 2.560 A). The SnC 2 B 4 cage geometry of the 
terpyridine complex is essentially the same as its bipyridine analog. It is an 
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Fio. 22. Crystal structure of c/o5o-l-Sn(Tj 5 -CsH5)Fe[Tj 5 -C 5 H 4 CH 2 N(CH,) 2 ]-2-(Si(CH;,),]- 
3-(R)-2,3-C 2 B 4 H 4 . 


open question as to whether the terpyridine is acting as a tridentate or a 
bidentate ligand such as bipyridine. 

There have been several theoretical investigations of the geometries of 
model compounds in the bipyridine-stannacarborane system. Fehlner and 
co-workers ( 49) conducted Fenske-Hall calculations on (C 10 H 8 N 2 )- 
Sn(CH 3 ) 2 C 2 B 4 H 4 , and Maguire et al. (43) reported MNDO studies on 
(C 10 H 8 N 2 )SnC 2 B 4 H 6 . Both treatments show that complexation with bi¬ 
pyridine gives rise to orbitals with antibonding tin-carbon (cage) interac¬ 
tions, which would encourage slippage. MNDO calculations indicate 
that the major bonding interactions are between the bipyridine mole¬ 
cule and the tin orbitals oriented parallel to the C 2 B 3 face of the carborane. 
Hence, maximum tin-bipyridine bonding would be expected when the 
rings of the bipyridine molecule and the C 2 B 3 face are essentially parallel. 
Repulsion between the two coordinating groups would prevent such an 
ideal alignment. An increased slip distortion of tin would tend to decrease 
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Fig. 23. Crystal structure of c/ost>-l-Sn(2,2' :6',2''-C 15 H )1 Nj)-2-[Si(CH,);i]-3-(CH:,)-2,3- 
C 2 B 4 H 4 • 2,2':6',2"-C, 5 H 1 |N 3 . [Reprinted with permission from U. Siriwardane and N. S. 
Hosmane (48), Acta Crystallogr., Sect. C C44, 1572 (1988). Copyright 1988 by the Interna¬ 
tional Union of Crystallography.) 


ligand-ligand repulsion and yield a more favorable bipyridine orientation 
and stronger tin-bipyridine bonding. In general, one would expect a 
decrease in the base-carborane dihedral angle and an increase in slip 
distortion on forming stronger tin-base adducts. This has been generally 
borne out by experiment. Adducts with monodentate bases (Figs. 21 and 
22) show less slip distortion than found in the bipyridine complexes, as 
does the complex with the weaker bipyrimidine base (Fig. 20). 

The C-Si(CH 3 ) 3 -substituted stannacarboranes have been found to be 
useful starting materials for the synthesis of the other metallacarboranes. 
The apical tin is loosely ligated and can be replaced by other metal groups. 
For example, the reaction of Os 3 (CO) 12 with c/oso-Sn[(CH 3 ) 3 Si] 2 - 
C 2 B 4 H 4 in the absence of solvent yields l-Os(CO) 3 -2,3-[(CH 3 ) 3 Si] 2 C 2 B 4 H 4 
(50) in essentially quantitative yield [see Eq. (7)], while direct reaction of 

3 Sn[(CH,),Si] 2 C 2 B 4 H 4 + Os,(CO) 12 3 Os(CO),|(CH,),Si]X\B,H, 

+ 3 Sn° + 3 CO 


( 7 ) 
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Os 3 (CO) 12 with «i£7o-[(CH 3 )3Si] 2 C 2 B 4 H 6 gave the c/oso-osmacarborane in 
much lower yield (<3%). The stannacarboranes have also been used ex¬ 
tensively in the preparation of the corresponding germacarboranes. 

The only metallacarboranes of tin are the closo complexes, or their 
adducts, in which the tin is present in a formal +2 oxidation state. In 
contrast, germacarboranes are reported in which the germanium is present 
in formal +2 and +4 oxidation states. The Ge(ll) inserted complexes have 
closo structures, while Ge(IV) yields commo- germacarboranes. Several 
c/cMo-germacarboranes have already been discussed. As in the case of the 
stannacarboranes, what limited structural information available on the 
c/oso-germacarboranes is on those derived from n/do-{[(CH 3 ) 3 Si](R)- 
C 2 B 4 H 6 } 2_ . Tetrachlorogermane was found to react with the lithium or 
the sodium/lithium salt of {[(CH 3 ) 3 Si](R)C 2 B 4 H 4 } 2 - [R = (CH 3 ) 3 Si, CH 3 , 
H] in THF to produce a mixture of the Ge(IV) inserted sandwich com¬ 
pound, commo-germacarborane, and the corresponding Ge(II) inserted 
closo complex, closo- germacarborane, as shown in Scheme 4 (57,52). 
Although the yields varied with the nature of R group, the closo complexes 
formed by the reductive insertion of Ge 11 were always produced in larger 
amounts than the commo products. The commo -germacarboranes could be 
obtained in good yield from the direct reaction of GeCl 4 with the corre¬ 
sponding stannacarborane [Eq. (8)]. 

2 c/os0-Sn[(CH 3 ) 3 Si](R)C 2 B 4 H 4 + GeCI 4 J^ n| » 

comm0-{[(CH 3 ) 3 Si](R)C 2 B 4 H 4 } 2 Ge ,v + 2 SnCI 2 R = (CH 3 ) 3 Si, CH 3 , H (8) 
The mechanism for the reductive insertion is not known; since the corre¬ 
sponding neutral mV/o-carborane is also produced, it would seem to in¬ 
volve the THF solvent. 

The closo geometry of Ge(II)-carboranes was assigned on the basis of 
mass, IR, and NMR spectroscopy. Since the compounds were all liquids. 
X-ray crystal structures could not be determined. When the reaction shown 
in Eq. (8) was carried out with different stoichiometric ratios, the product 
was quite different. The reaction of c/o50-l-Sn-2,3-[(CH3) 3 Si] 2 C 2 B 4 H 4 with 
only a slight excess of GeCl 4 above a 1:1 molar ratio at 135°C in the 
absence of solvent produced the mixed-valence germacarborane, closo- 1- 
Ge 11 -2,3-[(CH3)3Si] 2 -5-(Ge ,v Cl 3 )-2,3-C 2 B 4 H3 in 44% yield (53). The 
X-ray crystal structure shows that the Ge 11 is tj 5 bonded to the open pen¬ 
tagonal face of the carborane and symmetrically situated above the face 
[bond distances: Ge-C(cage) = 2.251(4) and 2.244(4); Ge-B = 2.265(6), 
2.243(6), and 2.250(6) A]. The other germanium, in a +4 oxidation state, 
is involved in an exopolyhedral GeCl 3 group bonded to the unique boron 
of the cage via a Ge—B sigma bond. This is one of the few cases of a main 
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1 THF 



Scheme 4. (O) BH and (•) C. R = SiMe,, Me, or H. [Reprinted with permission from 
N. S. Hosmane el al. (52), Organometallics 7, 2340 (1988). Copyright 1988 by the American 
Chemical Society.] 

group c/oso-metallacarborane that is not slip distorted (see Fig. 24). 
Theoretical studies on the stannacarboranes indicate that electron- 
withdrawing groups on the unique boron should favor a more centroidal 
location of the capping heteroatom (43), which may be the case for the 
mixed-valence germacarborane. 

As for the case of the stannacarboranes, the c/oso-germacarboranes, 
synthesized in Scheme 4, form adducts with Lewis bases such as 2,2'- 
bipyridine (52,54). The structure of l-Ge n (CioH 8 N 2 )- 2 , 3 -[(CH 3 ) 3 Si] 2 - 2 , 3 - 
C 2 B 4 H 4 (Fig. 25) is similar to those of the bipyridine-stannacarborane 
adducts in that the germanium is slipped away from the cage carbons and 
the bipyridine is situated above the ring borons. However, the structure 
differs in that the apical germanium is twisted away from the carborane 
mirror plane so that the Ge-B-3 and Ge-B-5 bond distances are unequal 
(see Fig. 25). The germanium can be considered to be 17 2 bonded to the 
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Fig. 24. Crystal structure of cfoH>-l-Ge I, -2,3-[Si(CH 3 ) 3 ]2-5-(Ge IV Cl 3 )-2,3-C 2 B 4 H4. [Re¬ 
printed with permission from U. Siriwardane et al. (53), Organometallics 7, 1893 (1988). 
Copyright 1988 by the American Chemical Society.] 


unique boron and one basal boron. The two Ge—N bonds are also non¬ 
equivalent, with one bond distance being 0.153 A longer than the other. 
Since the 2,2'-bipyridine nitrogens are equivalent and the closo- 
germacarborane is, presumably, symmetric, there is no ready explanation 
for these distortions. The solution behavior of the bipyridine-germacar- 
borane complexes is also unusual in that the room temperature proton- 
decoupled n B-NMR spectrum shows a single boron resonance, indicating 
fluxional behavior (52). It may be that the structure shown in Fig. 25 
represents only one of several that exist in solution. 

The Ge(IV) sandwiched carboranes produced in Eq. 8 have been char¬ 
acterized by the usual spectroscopic techniques and by X-ray crystallogra¬ 
phy (57,55). The structure of commo-{[(CH 3 ) 3 Si] 2 C 2 B 4 H 4 } 2 Ge IV (Fig. 26) 
is that of two distorted pentagonal bipyramids joined by the germanium 
atom. The carbon atoms of the opposing cages reside on opposite sides of 
the germanium, which is slipped toward the boron sides of the cages [bond 
distances: Ge-C(cage) = 2.38, Ge-B-4 = 2.08, Ge-B-5 and Ge-B-3 = 
2.15 A]. The trans configuration of the cage carbons may be dictated in 
part by the steric repulsion of the bulky Si(CH 3 ) 3 groups. However, the 
fact that the trans orientations of the cage carbons have been found for a 
number of transition metal sandwiched carborane complexes (42) and in 
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Fiu. 25. Crystal structure of l-Ge(C lu H|)N2)-2,3-[Si(CH3);i] 2 -2,3-C 2 B 4 H 4 . [Reprinted 
with permission from N. S. Hosmane el al. (52), Organometallics 7, 2340 (1988). Copyright 
1988 by the American Chemical Society.] 


the commo -aluminacarboranes (Figs. 6 and 7) in which hydrogens are 
bound to the carbons indicates that other factors are also involved. 

There have been several reports of the incorporation of silicon into both 
icosahedral and pentagonal bipyramidal cages. Hawthorne and co-workers 
(56) have described the synthesis of commo-3,3'-Si(3,l,2-SiC 2 B 9 H n ) 2 as 
summarized in Eq. (9). The X-ray crystal structure (Fig. 27) shows that the 

2 Li 2 [mdo-7,8-C,B M H n ] + SiCl4 commo-3,3'-Si(3,1.2-SiC 2 B 9 H„) 2 + 4 LiCl (9) 

silicon is 17 5 bonded to the C 2 B 3 faces of two [C 2 B 9 H n ] 2 ~ ligands. The 
silicon atom is slightly slipped away from the cage carbons. The relevant 
bond distances are as follows: Si-C-1,2 = 2.22(1); Si-B-4,7 = 2.14; Si- 
B -8 = 2.05 A. The compound is sufficiently stable to undergo conventional 



Fig. 26. Crystal structure of 2,2',3,3'-[Si(CH 3 )3]4-commo-l,r-Ge(l,2,3-C 2 B 4 H4) 2 . [Re¬ 
printed with permission from N. S. Hosmane etal. (51), J. Am. Chem. Soc. 108 , 6050 (1986), 
and from M. S. Islam et al. (55), Organometallics 6, 1936 (1987). Copyright 1986 and 1987 by 
the American Chemical Society.] 


carborane cage nucleophilic derivatization reactions at the cage carbons 
[see Eq. (10)]. 
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Fig. 27. Crystal structure of commo-3,3'-Si(3,l,2-SiC 2 B 9 H 11 )2. [Reprinted with permis¬ 
sion from W. S. Rees, Jr ,,etal. (56), J. Am. Chem. Soc. 108 , 5369 (1986). Copyright 1986 by 
the American Chemical Society.] 

The smaller cage carborane analogs have also been prepared (57,58). 
Their synthesis and yields are given in Eq. (11). This reaction is similar to 

2 NaLi{[Si(CH,)j](R)C 2 B 4 H 4 } + SiCl 4 commo-[[Si(CH.,) 3 ](R)C 2 B 4 H 4 } 2 Si 

18-57^r 

+ 2 NaCl + 2 LiCl R = (CH 3 ),Si, CH 3 , H (11) 

the preparation of the corresponding germacarboranes (see above). In 
addition to the commo product, a small amount (trace to 1 %) of extremely 
air-sensitive compounds whose 'H-, U B-, 13 C-, and 29 Si-NMR, mass, and 
IR spectra are consistent with the formula l-Si u - 2 -[(CH 3 ) 3 Si]- 3 -(R)- 2 , 3 - 
C 2 B 4 H 4 and a closo structure (see Scheme 5). Since these Si(II) com¬ 
pounds are extremely unstable, decomposing slowly at room temperature 
even in high vacuum, complete characterization was not possible. On the 
other hand, the commo -silacarborane products [Eq. (11)] are quite stable 
and can be handled in air for short periods of time (58). The crystal 
structures of commo-1, l'-Si IV -{ 2 -[(CH 3 ) 3 Si]- 3 -(R)- 2 , 3 -C 2 B 4 H 4} 2 [R = 
(CH 3 ) 3 Si, CH 3 ] (Figs. 28 and 29) are quite similar to that of commo- 
[C 2 B 9 H u ] 2 Si (Fig. 27) in that they show the silicon 17 5 bonded to each of 
the carborane cages with a slight slippage away from the cage carbons. 
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Scheme 5. (O) BH, (•) C, and (o) H. R = SiMe 3 , Me, or H. [Reprinted with permission 
from U. Siriwardane el al. (58), J. Am. Chem. Soc. 109, 4600 (1987). Copyright 1987 by the 
American Chemical Society.] 

The Na/Li salt of w<fo-{[Si(CH 3 ) 3 ](CH 3 )C 2 B 4 H 4 } 2_ was also found to 
react with SiH 2 Cl 2 to give Cl(H)Si{[Si(CH 3 ) 3 ](CH 3 )C 2 B 4 H 4 } as a mod¬ 
erately air-sensitive, colorless liquid of low volatility [see Eq. (12)] (55). 

mdo-NaLi{[Si(CH 3 ) 3 ](CH 3 )CiB 4 H 4 } + SiH,Cl, (excess) -^* 

Cl(H)Si{[Si(CH 3 ) 3 ](CH 3 )C 2 B 4 H 4 } + mdo-{[Si(CH 3 ) 3 ](CH 3 )C 2 B 4 H 6 } + NaCI + LiCl (12) 
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Fig. 28. Crystal structure of 2,2\3,3MSi(CH 3 )j) 4 -commo-l,l^Si(l,2,3-SiC 2 B 4 H 4 ) 2 . [Re¬ 
printed with permission from N. S. Hosmane el al. (57), J. Chem. Soc., Chem. Commun., 
1421 (1986). Copyright 1986 by the Royal Society of Chemistry.) 


This compound could be quantitatively converted to H 2 Si{[Si(CH 3 ) s ]- 
(CH 3 )C 2 B 4 H 4 } by reaction with NaH (58). These compounds have been 
characterized by mass, 1R, 'H-, "B-, 13 C-, and 29 Si-NMR spectroscopy 
but not by X-ray diffraction. Their U B-NMR spectra bear a striking re¬ 
semblance to those of the stannacarboranes and do not exhibit resonances 
indicative of a bridging SiH(X) group. Thus, the SiH(X) group seems to 
be incorporated into the cage, giving a seven-vertex silacarborane. It is of 
interest to note that Tabereaux and Grimes (59) found that the reaction 
of rt«fo-Na[C 2 B 4 H 7 ] with SiH 2 CI 2 yielded only /Lt,/u.'-SiH 2 (C 2 B 4 H 7 ) 2 in 
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Fig. 29. Crystal structure of 2,2'-[Si(CH 3 ) 3 ] 2 -3,3'-(CH 3 )2-commo-l,r-Si(l,2,3-C2- 
B 4 H 4 ) 2 . [Reprinted with permission from U. Siriwardane el al. (58), J. Am. Chem. Soc. 109, 
4600 (1987). Copyright 1987 by the American Chemical Society.] 


which the silicon is doubly bridged by two three-center, two-electron 
B—Si—B bonds. It is not apparent what factors dictate the different 
products in this reaction and the one described in Eq. (12). Since attempts to 
prepare doubly bridged compounds with groups other than hydrogen on the 
silicon have not been successful (5,60), steric factors could be important. 

The 29 Si-NMR spectra of H 2 Si{[Si(CH 3 ) 3 ](CH 3 )C 2 B 4 H 4 } indicate that 
structural changes from its H(Cl)Si precursor may be more than a simple 
hydrogen-chlorine exchange. The proton-coupled 29 Si-NMR spectrum of 
the SiH 2 -containing silacarborane did not show the expected 1:2:1 triplet 
due to *H coupling but consisted of a broad major doublet with a large 
coupling constant ( l J = 362 Hz). Each line of this doublet was further split 
into doublets with a much smaller coupling constant (*7 = 42 Hz). The 
large splitting could arise from 29 Si—H tcrminaI spin coupling and the second¬ 
ary splitting from a much weaker coupling of the second hydrogen. This 
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a b 

Fig. 30. (a and b) Possible structures for l-Si(H) 2 -2-[Si(CH 1 ) 3 ]-3-(CH 3 )-2,3-C 2 B 4 H 4 . 
(O) BH and (•) C. 

suggests a structure, such as that shown in Fig. 30b, in which one hydrogen 
is involved in a Si—H—B three-center, two-electron bond. If this struc¬ 
ture is correct the silicon would formally be in a +2 oxidation state. It is of 
interest to note that if, as the 29 Si-NMR spectrum indicates, one of the 
Si—H bonds lies in the polyhedral structure, the SiH 2 group could be 
considered as furnishing four electrons and three atomic orbitals to cage 
bonding, yielding a seven-vertex, 18-skeletal electron system which, 
according to Wade’s rules (61), would be a nido structure. 

Some caution must be exercised in applying simple electron counting 
rules to heterocarboranes containing heavily ligated metal or metalloid 
groups. This is true not only for metallacarboranes of transition metals (62) 
but also for some main group carborane compounds. The stannacarbor- 
anes are good examples. The n vertex structures of the simple stannacar- 
boranes SnC 2 (R) 2 B 4 H 4 (and presumably SnC 2 B 9 H n ) have n + 1 skeletal 
electron pairs and are predicted by Wade’s rule to have closo structures, 
which was confirmed experimentally (see Figs. 13-15). According to these 
same rules, coordination of the tin by a monodentate ligand would give 
n + 2 skeletal electron pairs, and a nido structure would be expected. The 
structures of two such complexes are known (Figs. 21 and 22) and show a 
slippage of the tin away from the centroidal position above the C 2 B 3 faces 
of the carboranes. Although it is an open question as to when a slip- 
distorted closo structure could be better described as an open, nido one, 
the slip distortions in the compounds shown as Figs. 21 and 22 are small 
enough that a distorted closo geometry is a better structural description. 
The problem is even worse in the case of bidentate ligands, such as 
2,2'-bipyridine, where Wade’s rules would predict arachno structures, 
which are clearly not the case (see Figs. 17-20). The convention of treating 
the coordinating electron pairs of the Lewis base as skeletal electrons 
may lead to erroneous predictions. In situations involving strong metal- 
base bonding, such pairs should better be considered as exopolyhedral, in 
which the base coordination would remove orbitals from cage bonding and 
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Fig. 31. Crystal structure of c/<MO-I-Pb-2,3-[Si(CH3) 3 ]2-2,3-C 2 B 4 H 4 . [Reprinted with 
permission from N. S. Hosmane et al. (63), Organometallics 8, 566 (1989). Copyright 1989 by 
the American Chemical Society.] 

the metal would no longer be isolobal with BH (or CH). In such cases, 
Wade’s rules would not be expected to apply. 

Of all the group 14 carboranes, the least studied have been the plumba- 
carboranes. The first example of such compounds was reported by 
Rudolph et al. (32b) in 1970 as a member of the series MC 2 B 9 H n 
(M = group 14 metal). The smaller cage pentagonal bipyramidal plumba- 
carboranes of the type c/as0-l-Pb-2,3-(R) 2 -2,3-C 2 B 4 H 4 (R = CH 3 , H) 
were reported somewhat later by Wong and Grimes (36). Structural data 
were not reported for either of these compounds, but n B-NMR spectra 
indicated closo structures. However, it was not clear whether the plumba- 
carboranes exhibit a slip distortion as has been found in many metallacar- 
boranes. The splitting of the basal BH resonances in the n B-NMR 
spectrum of PbC 2 B 9 H u was taken by Rudolph etal. as indicating a possible 
slippage (32b), but such an interpretation has been questioned by Wong 
and Grimes (36). The X-ray crystal structure of l-Pb-2,3-[Si(CH 3 ) 3 ] 2 -2,3- 
C 2 B 4 H 4 has recently been determined and is shown in Fig. 31 (63). The 
structure confirms the closo geometry in that it shows the Pb to be essen¬ 
tially symmetrically bonded above the C 2 B 3 face; the Pb-cage atom dis¬ 
tances are 2.582(17), 2.634(14), 2.601(16), 2.579(17), and 2.520(2) A for 
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Fig. 32, Crystal packing diagram showing the extended chain network of {closo- l-Pb-2,3- 
[Si(CH 3 ) 3 ]2-2,3-C2B 4 H4}2 molecular dimers with benzene molecules of crystallization. 


atoms C-l through B-5, respectively. The bond distances indicate that, if 
any distortion exists, it is one in which the Pb is slipped toward B-5, a basal 
boron that is bonded to a cage carbon. The crystal packing diagram 
(Fig. 32) shows that the solid consists of closely associated {Pb[Si- 
(CH 3 ) 3 ] 2 C 2 B 4 H 4 }2 dimers with a crystallographic center of symmetry half¬ 
way between the two Pb atoms (63). This dimeric structure could give 
rise to the distortions found in the plumbacarborane cage and, if the dimer 
exists in solution, to the splitting of the basal BH resonances in its "B- 
NMR spectrum. 
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Fig. 33. Crystal structure showing the tetradecker sandwich geometry of Sn{(r) 5 - 
C5H5)Co[i7 5 -C2(C 2 H5)2B2(CH3)2CH]} 2 . [Reprinted with permission from H. Wadepohl 
el at. (64), Organomeiallics 2, 1899 (1983). Copyright 1983 by the American Chemical 
Society.] 


In addition to reactions with polyhedral carborane clusters, some recent 
work has been published on the interaction of main group metals with 
planar carboranes of the diborolene system. Siebert and co-workers have 
reported that the reaction of {(C 5 H 5 )Co[C 2 (C 2 H 5 ) 2 B 2 (CH 3 )CH]} - with 
SnCl 2 produced a dark orange crystalline product which was found to be 
highly soluble in both polar and nonpolar solvents (64). The crystal struc¬ 
ture of this compound (Fig. 33) is that of a tetradecker complex in which 
two (C 5 H 5 )Co(C 2 B 2 C) units are bound to a central tin. There are two 
crystallographically independent molecules in which the angles between 
the normals to the diborolenyl rings are 112 and 114°, respectively. The 
same type of bending was found in the stannocene system (65). The 
analogy between the stannabis(cobaltadiborolene) and stannocene was 
further demonstrated in that, like stannocene, [(C 5 H 5 )Co(C 2 B 2 C)] 2 Sn can 
be cleaved by HBF 4 to give [(C 5 H s )Co(C 2 B 2 C)Sn] + BF 4 (64). 

In related work, bis(l-ferf-butyl-2,3-dimethyl-l,2-azaborolinyI)tin was 
synthesized by the reaction of SnCl 2 with azaborolinyllithium to give the 
sandwich compound (66). The structure (Fig. 34) is a bent one that is 
similar to stannocene and the stannadiborolene (Fig. 33). It is of interest in 
that the tin atom is significantly slipped away from the nitrogen atom 
toward the BCC side of the ring so as to be considered as tj 3 bonded to the 
azaborolines (66). 
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Fig. 34. Crystal structure of bis(l-ferf-butyl-2,3-dimethyl-l,2-azaborolinyl)tin. [Re¬ 
printed with permission from G. Schmid et al. (66), Angew. Chem., Ini. Ed. Engl. 24, 602 
(1985). Copyright 1985 by VCH Verlagsgesellschaft, Weinheim, Federal Republic of 
Germany.) 


VIII 

HETEROCARBORANES OF GROUP 15 ELEMENTS 

Todd has extensively reviewed the preparative and reaction chemistry of 
carboranes containing group 15 elements, covering the literature up to 
1982 (4). The chemistry of phospha- and arsametallacarboranes containing 
transition metals has been reviewed by Grimes (67). An inspection of the 
literature since 1982 reveals very little additional work that falls under the 
purview of this article. Therefore, for completeness, some of the earlier 
chemistry of the group 15 carboranes is summarized here. 

A group 15 atom is isoelectronic and isolobal with a CH group. There¬ 
fore, one would expect that substitution of a group 15 element for a carbon 
group in a dicarbaborane would yield compounds with similar structures 
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and comparable reactivities. Generally, this has been found to be true, 
and, except for nitrogen, all the group 15 elements have been inserted into 
monocarbaborane cages. Todd and co-workers reported that the reac¬ 
tion of Na 3 B 10 H 10 CH-(THF)„ with PC1 3 , AsC 1 3 , or Sbl 3 produced 1,2- 
PCHB 10 H 10 , l,2-AsCHB 10 H 10 , or l,2-SbCHB 10 H 10 in respectable yields 
(45, 25, and 41%, respectively) (34b,68-70). Although no crystal struc¬ 
tures were given, icosahedral structures, with the carbon and group 15 
elements occupying adjacent positions, were inferred from 'H- and n B- 
NMR spectra. These icosahedral heteromonocarbaboranes were found to 
undergo thermal rearrangement to produce both 1,7 and 1,12 isomers, 
which is similar to the behavior exhibited by orfAo-dicarbaboranes (34b). 
In procedures identical to those employed for the ortho-, meta-, para- 
carboranes, the C—H bonds in 1,7- and 1,12-CHPB 10 H 10 can be lithiated 
without cage rearrangement, and a number of C-substituted derivatives 
have been synthesized (71-73). 

Todd and co-workers have reported the synthesis of nido- 
C[N(CH 3 ) 3 ]P(R)B 10 H 10 (R = C 6 H 5 , C 2 H s , CH 3 ) from the reaction of 
C[N(CH 3 ) 3 ]B 10 H 12 with P(R)C1 2 (74). The X-ray crystal structure of the 
compound when R is C 6 H 5 was determined (Fig. 35). The P-C 6 H 5 group 
bridges B-9 and B-10 on the open face of the carborane [bond lengths: 
P-B-9 = 1.998(5), P-B-10 = 2.018(5), P-B-ll = 2.381, P-B -8 = 2.347, 
P-C-7>2.4 A]. This structure is very similar to the 12 -atom nido- 
[(C 6 H 5 )CHC(C 6 H 5 )B 10 H 10 ] reported by Tolpin and Lipscomb (75). It 
was also reported that sealed tube pyrolysis of C[N(CH 3 ) 3 ]P(C 6 H 5 )Bi 0 H 10 
at 475°C produced c/oso-C[N(CH 3 ) 3 ]PB 10 H 10 , but no details were given 
(74). 

The AlCl 3 -catalyzed halogenation reactions of all three isomers of phos- 
pha- and arsamonocarbaboranes have been studied by Zakharkin and 
Kyskin (76). It was found that electrophilic monosubstitution at a B—H 
bond occurred more readily with arsamonocarbaboranes, and, in general, 
the 1,2 isomers are more reactive than the 1,12 isomers. Wong and Lips¬ 
comb (77) have studied isomer distributions in the thermal rearrangements 
of the chlorophosphacarboranes and reported the X-ray structure of 9,10- 
C1 2 -1,7-CHPB 10 H 8 . The structure of this compound (Fig. 36) is that of a 
distorted icosahedron having C s symmetry with the C, P, B-5, and B-12 
atoms constituting the mirror plane. The presence of the phosphorus 
causes a distortion of the icosahedron, with the B—P bond distances being 
significantly longer than either the B—C and B—B bonds [average bond 
distances are 2.02(1), 1.73(2), and 1.79(3) A, respectively]. Analysis of the 
isomer distribution of the rearranged chlorophosphacarboranes indicated 
that the distortions accompanying the substitution of phosphorus for a CH 
causes a significant change in their rearrangement mechanisms. Thus, the 
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Fig. 35. Crystal structure of /i/Jo-C[N(CH 3 ) 3 ]P(C 6 H<;)B|„H. [Reprinted with permis¬ 
sion from W. F. Wright et al. (74), J. Organomei. Chem. 148 , 7 (1978). Copyright 1978 by 
Elsevier Sequoia S.A.] 


similarities of the thermal rearrangements in the unhalogenated phospha- 
carboranes and dicarbaboranes may only be formal ones. 

Substitution of a group 15 atom for a CH unit also affects other prop¬ 
erties. Polarographic reduction studies of the isomers of closo arsa- and 
phosphamonocarbaboranes show that the electron affinity of the cages are 
substantially greater than in the analogous dicarbaboranes (78). Studies of 
the rates of hydrogen-deuterium exchange between NH 3 and 1,7- 
CDEB 10 H 10 (E = P, As) suggest that the acidity of the CH group in¬ 
creases in the order 1,7-C2H2B, 0 H 10 < l,7-CHAsB 10 H,„ < CHPB 10 H I0 
(79). 

Treatment of the 1,2 or 1,7 isomers of the phospha-, arsa-, and stibamo- 
nocarbaboranes with a mild base such as piperidine causes an abstraction 
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Fig. 36. Crystal structure of c/oio-9,10-Cl 2 -l,7-CHPBi 0 H e . [Reprinted with permission 
from H. S. Wong and W. N. Lipscomb (77), Inorg. Chem. 14,1350 (1975). Copyright 1975 by 
the American Chemical Society.] 


of a BH unit from the icosahedral cage to produce the corresponding 
anions (34b, 71). The use of stronger bases, such as NaOQHs or ethanolic 
KOH, gives rise to either abstraction of a BH unit or removal of the 
heteroatom (34b,71). Further deprotonation of the 1,2- or 1,7- 
[CHPB 9 Hio]~ could be achieved by reaction with triethylamine of sodium 
hydride to give the corresponding 1,2- or 1,7-[CHPB 9 H 9 ] 2_ dianions (80). 
These are analogous to [C^BgHn] 2- and should serve as potential tj 5 
ligands for metals to produce commo and closo complexes. They are also 
of interest in that the exopolyhedral lone pair of the group 15 atoms could 
also provide a site for a bonding to suitable acceptor groups. 

Both a- and 7r-bonded transition metal complexes of the group 15 
monocarbaboranes have been reported (2,4,67) and a few examples are 
discussed. The anionic complex [2,l,7-(OC) 3 MnCHPB 9 H 9 ] _ can be pre¬ 
pared by refluxing a THF solution of Mn(CO) 5 Br and [1,7-CHPB 9 H 9 ] 2 ~ 
(80,81). The neutral complex l-CH 3 -2,l,7-(OC) 3 MnCHPB 9 H 9 can be pro¬ 
duced by starting with [lJ-CTn^CH^BgHg] - (80,81). The carbonyls on 
the Mn can undergo typical ligand-exchange reactions (82). The ferrocene 
analog can be prepared by the reaction of 1,2- or 1,7-[CHPB 9 H 9 ] 2_ with 
anhydrous FeCl 2 in THF and has been isolated as the tetramethylammo- 
nium salt, [(CH 3 ) 4 N + ] 2 [(CHPB 9 H 9 ) 2 Fe] 2 “ (80,81). The neutral P-Me de¬ 
rivatives can be prepared either by reaction of the dianionic sandwich 
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compound with Mel or by starting with the monoanion [CHP(CH 3 )B 9 H 9 ] 
(81). Demethylation can be accomplished by reaction of [1,7-CHP- 
(CH 3 )B 9 H 9 ] 2 Fe with NaH (81). [(CHPB 9 H 9 ) 2 Fe] 2 “ seems to be more stable 
than its dicarbon analog [(C 2 B 9 H u ) 2 Fe] 2_ in that it is not air oxidized 
in aqueous solution. Treatment of [(l,7-CHPB 9 H 9 ) 2 Fe] 2_ with ceric ion 
causes oxidation to a green paramagnetic monoanionic species in which the 
iron is formally in a +3 oxidation state (81). Both [(l,7-CHPB 9 H 9 ) 2 Fe] 2_ 
and its arsenic analog were found to undergo photolytic reactions with 
M(CO) 5 (M = Cr, Mo, W) to form the corresponding E—M(CO) 5 a- 
bonded mixed-metal derivatives (E = P, As) (83). Thus, it seems that even 
though the group 15 monocarbaborane dianions can function as both <r- 
and 7r-bonding ligands for metals, v bonding is the preferred mode of 
interaction. The participation of the exopolyhedral lone pairs in metal 
bonding occurs when the monoanion forms complexes, such as [(OC) 5 - 
MoCHAsB 9 H 10 ]“, [(OC) 9 Mn 2 CHPB 9 H K) ]-, and (CO) 2 Mo(t 7 -C 7 H 7 )- 
(CHPB 9 H 10 ) (4,84), or when the it sites are already metallated as in the 
reaction of [(l,7-CHEB 9 H 9 ) 2 Fe] 2 - (E = P, As) with M(CO) 6 (M = Cr, 
Mo, W) (S3). 

It is unfortunate that there are so few X-ray crystal structures deter¬ 
mined for the group 15 heteromonocarbaboranes. A partial structure of 
[l,7-CHP(CH 3 )B 9 H 9 ] 2 Fe has been reported. The complex can exist in two 
isomeric forms as a dd,ll racemate and a dl meso. An X-ray analysis of a 
cocrystallite containing both isomers was carried out to an R factor of 
about 13.5% (80). An idealized view is shown in Fig. 37. Although the 
carbon atom in one cage could be located in the structure, the carbon in the 
other cage occupies two lattice sites on an approximately statistical basis. 
From what is known, the configuration about the iron is quite regular; the 
iron is located above the centers of the two coplanar ^-bonding pentag¬ 
onal faces, which were parallel within the limits of experimental error. 
The distortion introduced by the phosphorus atoms seems to be confined 
to the cage itself in that the open pentagonal face and the other five- 
membered ring in the same cage are out of parallel by about 4.5° (80). 
It has been reported that an X-ray structure was obtained for 3,1,2-(tj 5 - 
C 5 H 5 )CoCHAsB 9 H 9 (S5); however, bond lengths, bond angles, ORTEP 
drawings, or any other details of the structure were not given. 

The chemistry of dicarbaboranes containing group 15 elements has been 
limited to aza- and arsacarboranes. The reaction of [7,8-(CFl) 2 B 9 H 10 ]' 
with aqueous nitrous acid at 0°C produced NH(CH) 2 B 8 H 8 and NH 2 - 
(CF1) 2 B 8 H 9 in respectable yields (86,87). The azacarborane NF1 2 - 
(CH) 2 B 8 H 9 is thought to be a derivative of 5,6-(CH) 2 B 8 H U) , with the NH 
group replacing one of the bridged hydrogens in the latter compound. 
Spectral data on NH(CH) 2 B 8 H 8 indicate a nido structure, which was 
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Fig. 37. Idealized view of the molecular structure of commo-[l,7-CHP(CH 3 )B 9 H 9 ] 2 Fe. 
[Reprinted with permission from L. J. Todd et al. (80), J. Am. Chem. Soc. 90, 4489 (1968). 
Copyright 1968 by the American Chemical Society.] 


confirmed by a crystal structure of its C 6 H 5 CH 2 derivative, nido- 10- 
(CH 2 C 6 H 5 )-10-(N)-7,8-(CH) 2 B 8 H 8 (Fig. 38) (88). The replacement of the 
C 6 H 5 CH 2 N group for BH does not seem to introduce much intracage 
distortion. The plane formed by the borons B-2 through B-6 (plane 1) is 
parallel to the planar open face of the cage (plane 2) within experimental 
error. The molecule does not possess a crystallographic mirror plane 
because of a torsional twist about the CH 2 —N bond; the C-1-C-9-N-10- 
B-ll torsion angle is 51.9°, and the plane of the benzyl ring is not perpen¬ 
dicular to plane 2 but forms an angle of 101.9° with it. 

The arsacarboranes have been prepared by the reaction of Tl 2 [7,8- 
(CH) 2 B 9 H 9 ] with RAsX 2 (R = CH 3 , X = Br; R = C 6 H 5 , n-C 4 H 9 , X = Cl) 
in diethyl ether at 0°C to give the corresponding 3-(R)-3-(As)-l,2- 
(CH) 2 B 9 H 9 in up to 30% yield (89). The ‘H- and U B-NMR, infrared, and 
mass spectra of these compounds indicate closo icosahedral structures. The 
reaction of 3-(C 6 H 5 )-3-(As)-l,2-(CH) 2 B 9 H 9 with BBr 3 in dilute CC1 4 solu¬ 
tion gave high yields (95%) of 3-(Br)-3-(As)-l,2-(CH) 2 B 9 H 9 , which was 
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Fig. 38. Crystal structure of m'4o-10-(CH 2 C 6 H5)-10-(N)-7,8-(CH) 2 B M H 8 . [Reprinted with 
permission from J. Plesek elal. (88), J. Chem. Soc., Chem. Commun., 935 (1975). Copyright 
1975 by the Royal Society of Chemistry.] 


considerably more stable than the alkyl-substituted compound. All of the 
arsacarboranes react rapidly with ethanolic KOH to remove the arsenic 
group, producing K + [7,8-(CH) 2 B 9 H 10 ]“ (89). The production of the arsa¬ 
carboranes is quite sensitive to the nature of the [7,8-(CH) 2 B 9 H 9 ] 2 ~ 
counterions. The dilithium salt gave predominantly a yellow gum, which 
appeared to be a low molecular weight polymer, with very little of the 
desired arsacarborane. A variety of solvents were used but failed to yield 
the correct product. However, other investigators have reported the 
synthesis of (C 6 H 5 )As(CH) 2 B 9 H 9 in low yields by the reaction of 
Na 2 [(CH) 2 B 9 H 9 ] and C 6 H 5 AsC 1 2 in toluene (90). The two compounds 
show different *H-NMR spectral behaviors, so it is an open question 
whether the two research groups are dealing with the same compound. 

When (CH 3 ) 2 AsBr was reacted with either Li[7,8-(CH) 2 B 9 H 10 ] or 
T1[7,8-(CH) 2 B 9 H 10 ], the product obtained was [(CH 3 ) 2 As] 2 (CH) 2 B 9 H 9 . 
The same compound could be obtained in 70% yield from the direct 
reaction of T1 2 [7,8-(CH) 2 B 9 H 9 ] with (CH 3 ) 2 AsBr in a 1:2 molar ratio (89). 
Spectral and chemical data are consistent with a 12-vertex nido geometry in 
which one (CH 3 ) 2 As group is terminally bonded to a boron and the other 
occupies a bridging position. The terminally bound (CH 3 ) 2 As can be 
replaced by an ethoxy group by reaction with ethanolic KOH (89). The 
compound nido-As 2 (CH) 2 B 7 H 7 was synthesized in moderate yield from 
the reaction of Asl 3 with (CH) 2 B 7 H 9 in the presence of (C 2 H 5 ) 3 N (91). On 
the basis of 'H- and n B-NMR spectra, the authors proposed a tentative 
structure of an 11-atom nido cage with two carbons in the open face 
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separated by two adjacent arsenic atoms and a BH unit. Photolysis of 
the compound with (tj 5 -C 5 H 5 )Co(CO) 2 in THF produced (tj 5 C 5 H 5 )- 
CoAs 2 (CH) 2 B 7 H 7 in low yield (91). 


IX 

HETEROCARBORANES OF GROUP 16 ELEMENTS 

Of all the main group heterocarboranes, those of group 16 are the least 
studied. Todd reviewed these compounds in 1982 (4), and no subsequent 
work has appeared. Therefore, the reader is referred to Ref. 4 for a 
discussion of the group 16 heterocarboranes and the pertinent literature 
citations. 


X 

SUMMARY 

There has been a great deal of recent interest in the preparative chemis¬ 
try and structural investigations of the main group heterocarboranes. As 
more structures and high-yield preparative routes become available, bond¬ 
ing trends and mechanistic patterns are developing. However, at this stage 
of understanding, the results raise more questions than they answer; and a 
great deal of interesting work needs to be done. With the exception of the 
Lewis acid character of the metallacarboranes, the reaction chemistry of 
these systems has hardly been addressed. These future studies hold the 
promise of being every bit as fascinating, and perplexing, as the previous 
ones. 
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INTRODUCTION 


The recent discovery of many metal complexes having tj 2 -H 2 ligands or 
“agostic” C—H bonds has focused attention on a type of bonding that had 
hitherto seemed to be a domain of early main group elements and metal 
clusters: three-center, two-electron bonds. As more and more examples 
are found, it has become obvious that such bonds are probably more 
widespread among transition metal compounds than had been commonly 
assumed and that it is about time to recognize the features the various 
species have in common. 

To clarify our notions, let us first consider the general case, in which a 
metal complex moiety (L„M) and any two fragments X and Y share two 
electrons. In the remainder of this article, this bonding situation is depicted 
as in A to indicate the general bonding phenomenon. Note that the dashed 
lines are only a symbol and do not imply any information about the 
distribution of electrons among L„M, X, and Y (just as a line does not tell 



A B 


one anything about electron distribution in a covalent bond). An even 
distribution of electrons can be expected only if the three groups involved 
in the three-center interaction are equal, as in H 3 + . This point may be 
illustrated by the pair of complexes 1 (7) and 2 (2). The BH 4 complex (2) is 




P P = Ph 2 PCH 2 CH 2 PPh 2 

F P' = Me 2 PCH 2 CH 2 PMe 2 
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formally derived from the H 2 complex ( 1 ) by removal of one hydrogen of 
the tj 2 -H 2 ligand as H + and replacement by BH 3 . Both complexes contain 
three-center, two-electron bonds. However, in 1 a symmetrical coordina¬ 
tion of H 2 (closed three-center bond) is preferred (3a), while in 2 the 
Fe—H—B angle opens to 162°. 

A coordination chemist might prefer a formula like B and consider the 
X—Y a bond 17 2 coordinated to the metal fragment. However, someone 
engaged in the chemistry of either element X or Y might look at it in a 
different way. Formula B stresses the chemical origin of most of these 
compounds, which are usually obtained by addition of X—Y to a coordina- 
tively unsaturated metal fragment [Eq. (1)]. 

l n M ♦ ? -» l n M * (1) 

As discussed in more detail below, considering these complexes as 
“frozen intermediates” in the oxidative addition of X—Y to a fragment 
L„M can be useful. Complete oxidative addition would totally cleave the 
X—Y bond and form both an M—X and a M—Y bond. Why does this 
not happen in the complexes in question? Why is the oxidative addition 
process seemingly arrested at some point? This is not completely under¬ 
stood in every case, and theoretical explanations are only slowly emerging 
(3a-h). As shown later in this article, the stage at which addition of X—Y 
is arrested can be tuned by the substituents at X or Y and by the ligands at 
the metal. 

Formula B also indicates some analogy with it complexes, which is 
indeed supported by a comparison of the crucial orbital interactions in both 
types of complexes. Figure lb schematically shows the well-known bond- 
ing-backbonding interaction in v complexes. Bonding in tj 2 -XY com¬ 
plexes is similarly explained by a o--type interaction between the o-(X—Y) 
orbital and an empty metal orbital of suitable symmetry, and a 77-type 
interaction (backbonding) between a rf-like metal orbital and the 
<r*(X—Y) orbital (Fig. la). (Note again the coordination chemist’s way of 
dividing the compound into two fragments.) Both types of interaction 
weaken the X—Y bond. The relative energies of the orbitals involved 
determine which interaction is dominant and to what degree the X—Y 
bond is weakened ( 3a-h ). In particular, very extensive backbonding splits 
the X—Y bond and results in formation of the oxidative addition product 
L„M(X)Y. 

Whatever kind of representation one chooses, one has to keep in mind 
that both A and B symbolize the same fact, but in a slightly different way. 
The electrons in a three-center bond are located in molecular orbitals 
which are composed from contributions of all the involved atoms. 
Although prorating of electrons to individual two-center interactions is not 
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a b 

Fig. 1. Comparison of the crucial bonding interactions in (a) rf-X —Y complexes and 
(b) tj 2 -X=Y complexes. 


very meaningful in molecular orbital terms, the phrase “X—Y interaction” 
(or M—X interaction, M-—Y interaction, respectively) is occasionally used 
in this article to compare certain properties of the t? 2 -XY complexes with 
either uncoordinated X—Y (two-center, two-electron bond) or com¬ 
plexes in which XY is completely oxidatively added to the metal (no XY 
interaction). 

In the vast majority of transition metal complexes having three-center, 
two-electron bonds, hydrogen is involved (X = H). The spectroscopic 
opportunities arising from this fact are somewhat offset by the problems in 
locating hydrogen atoms from X-ray measurements ( 4 ) (vide infra). The 
third center (Y) may be another L„M fragment [“hydride-bridged” dinu- 
clear complexes ( 4 )], another hydrogen atom [rj 2 -H 2 complexes (5,6a)], or 
a main group moiety (ER„). Not surprisingly, many complexes are known 
in which a boron atom is the third center in the M—H—E three-center 
bond (4,6b,c). Examples of aluminum-containing complexes of this type 
are less numerous (4). 

Although the reasons for participation of main group 4 elements in 
complexes of type A are less obvious than for group 3 elements, examples 
for all elements of group 4 except Pb are now known (vide infra). How¬ 
ever, while complexes containing metal-hydrogen-carbon three-center 
bonds (“agostic” C—H bonds) have recently received much attention 
(6a,7a,b), analogies with corresponding silyl complexes have been over¬ 
looked or even denied (6a). Ironically, the most systematically investigated 
type of complex containing a metal-hydrogen-main group element three- 
center bond is the (T 7 -C 5 R' 5 )L 2 Mn(H)SiR 3 system, and much information 
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obtained from this system can be generalized for other complexes contain¬ 
ing three-center bonds. The purpose of this article is to compile and review 
the available information on “tj 2 -H —SiR 3 ” complexes (and the analo¬ 
gous Ge and Sn compounds) and to make occasional comparisons with 
complexes having “agostic” C—H bonds. First, the prototypical system 
CpL 2 Mn(H)SiR 3 (<S) is discussed in detail, including complexes which are 
related to it, and then attention is paid to other types of complexes which 
have or may have M—H—Si three-center bonds. 


THE (rrCsRiJLaMnMSiRa SYSTEM 


A. Preparation 

The first complexes of type Cp(OC) 2 Mn(H)SiR 3 (R = Ph, Cl) were 
prepared by Jetz and Graham by photochemical reaction of Cp(OC) 3 Mn 
with the corresponding silanes HSiR 3 (9) [Eq. (2)]. This route appears to 
be rather general and allows the synthesis of complexes with a variety of 
substituents at silicon (10). Instead of using silanes, which are sometimes 
cumbersome to prepare, reaction of readily available functional hydro 
silanes with subsequent modification of the coordinated silyl group can 
sometimes be advantageous (10). Only one Si—H group of a secondary 
silane adds to a Cp(OC) 2 Mn fragment, yielding complexes of the type 
Cp(OC) 2 Mn(H)SiHR 2 (10,11). Even with an excess of Cp(CO) 3 Mn and 
more forcing conditions, no SiR 2 -bridged dinuclear species are formed. 
The reason for the lack of reactivity of the second Si—H group may be a 
steric one, because [Cp*(OC) 2 (H)Mn] 2 SiH 2 (Cp* = Tj 5 -C 5 Me 5 ) has been 
obtained (among other products) by the photochemical reaction of 
Cp*(OC) 3 Mn with SiH 4 (12). 

Monosubstituted complexes of the type Cp(OC)LMn(H)SiR 3 [L = PR 3 , 
P(OR') 3 , CNR'] cannot be prepared from the dicarbonyl compounds by 
CO-ligand exchange, because the conditions necessary for this kind of 
reaction result in HSiR 3 elimination, as discussed in more detail below. 
However, they are accessible by the photochemical route [Eq. (2)] from 
Cp(OC) 2 LMn, if the ligand L is not too bulky (13). 

(7j-C 5 R^)(OC) 2 LMn + HSiR 3 CO + ( n 5 -C 5 R?)(OC)LMn(H)SiR 3 
CsR’s = C,H„ QMe 5 , C\H 4 Me 

L = CO, PR',, P(OR’),. CNR' (2) 

For the various species MeCp(OC)LMn(H)SiR 3 [L = PR 3 , P(OR') 3 ] 
only isomer 3 is obtained: that with the hydrogen atom located between 
the bulky L and SiR 3 ligands. The other possible arrangement of ligands 
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can be enforced by using a phosphinoalkylsilyl ligand. Thus, irradiation 
of MeCp(OC) 2 Mn—PPh 2 CH 2 CH 2 SiR 2 H (R = Me, Ph) results in intra¬ 
molecular Si—H addition and formation of 4. Since the properties of 3 and 
4 are not affected by the different geometry, the disposition of ligands in 3 
seems to be caused by steric rather than electronic factors (14). 



The reaction [Eq. (2)] proceeds by photochemically induced dissociative 
loss of CO and subsequent addition of the silane to the 16-electron species. 
For the dicarbonyl species Cp(OC) 2 Mn and Cp*(OC) 2 Mn and some re¬ 
lated molecules, the reaction has been investigated in detail at low tem¬ 
peratures (85-157 K) (15). From kinetic measurements an overall 
second-order rate law [first order in both silane and Cp(OC) 2 Mn] was 
found. The activation parameters for the reaction of Cp(OC) 2 Mn with a 
number of trialkylsilanes or HSiPh 3 (A H* 25-30 KJ/mol, AS* -28 to 
-40 J/K mol) suggest a loosely bound silane molecule in the activated 
complex. Similar conclusions had already been reached by a kinetic investi¬ 
gation of the reverse reaction, namely, reductive elimination of HSiPh 3 from 
Cp(OC) 2 Mn(H)SiPh 3 in the presence of a phosphine [Eq. (3)] (16). In this 
reaction [Eq. (3)] the initial process is the rate-determining dissociation of 
the silane (in n-heptane: A//* 122 kJ/mol, AS* 68 J/K mol). However, the 
absence of a silane exchange between MeCp(OC) 2 Mn(D)SiDPhNp 
(Np = 1-naphtyl) and H 2 SiPhNp in benzene at room temperature shows 
that the 16-electron complex and the silane remain associated and that only 
strong donors, like PR 3 , can displace the silane (3b,17). Competition 
experiments indicate that PPh 3 is 3.6 times as reactive as HSiPh 3 toward 
the intermediate (16). 

Cp(OC) 2 Mn(H)SiPh 3 + PPh 3 -> Cp(OC) 2 MnPPh 3 + HSiPtv, (3) 


B. Evidence for Three-Center Bonding 

From the very beginning it was realized that some properties of the 
complexes Cp(OC) 2 Mn(H)SiR 3 are different from those of other hydrido 
silyl complexes and that the silane moiety was bonded in an unusual way 
(18,19). We refrain from listing in chronological order the experiments and 
arguments that eventually led to an understanding of the bonding situation 
in these complexes. We instead list the chemical, spectroscopic, and struc : 
tural evidence (in that order) to set the stage for the following discussions. 
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Complete oxidative addition of HSiR 3 to Cp(OC) 2 Mn would result in a 
complex of the type Cp(OC) 2 MnLL' having a four-legged piano stool 
geometry, in which H and SiR 3 could be cis (lateral) (C) or trans (diagonal) 
(D). The relative intensities of the two CO bands in the infrared spectra of 




CC J 
0 0 

D 


Cp(OC) 2 Mn(H)SiR 3 (any SiR 3 ligand) indicate the exclusive formation of 
an isomer having a cw-dicarbonyl geometry, which is of course a pre¬ 
requisite for a three-center interaction (C'). Depending on the substituents 
at silicon, the complexes Cp(OC) 2 Mn(H)SiR 3 are more or less acidic and 
can be deprotonated to give the corresponding anionic complexes of type 5 
[Eq. (4)] (17,20). 

Cp(OC) : Mn(H)SiR, === [Cp(OC),MnSiR,] (4) 

5 


Like other metal carbonylates, the anionic manganese complexes of type 
5 react with a variety of organic (21 a, b), inorganic, or organometallic 
halides (20,22a,b). The corresponding substitution products, as well such 
complexes as Cp(OC) 2 Re(H)EX 3 (EX 3 = GeCl 3 , GeBr 3 , SnCl 3 ) (22c), 
always have the trans geometry, indicating that this is the sterically more 
favorable arrangement of ligands. Contrary to this, protonation of 
[Cp(OC) 2 MnSiR 3 ]“ gives only the cis isomer, never the trans isomer (D) 
(17). From these observations it has to be concluded that an electronic 
factor (possibly formation of the three-center bond, C') overrides the steric 
preference for D in the protonation reaction. 

Another important argument is provided by the stereochemistry of 
substitution reactions at silicon. In the optically active complex 6 
nucleophilic substitution by H - , OH - , or OMe - occurs with inversion of 
configuration at silicon, while retention was observed with the related 
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complex Cp(CO) 2 FeSiR 3 *. This change in stereochemistry was explained by 
the pseudopentacoordination of silicon in 6, which prevents frontside attack 
of the nucleophile ( 19,23a, b). 

As mentioned above, elimination of HSiR 3 from Cp(OC) 2 Mn(H)SiR 3 
occurs readily. For instance, treatment of the dicarbonyl complexes with 
phosphines does not give phosphine-substituted complexes, because 
HSiR 3 is released from the metal in preference to CO. In contrast, com¬ 
plexes of the type (OC) 4 Fe(H)SiR 3 , having a cis arrangement of H and 
SiR 3 but no three-center bond, undergo the usual CO displacement with 
phosphorus ligands (19,24a). [Depending on the phosphine other reactions 
may also occur, but HSiR 3 elimination is never observed for tetracarbonyl 
iron derivatives (24b).] The conclusion from this comparison is that in the 
manganese complexes elimination of HSiR 3 is favored because there is 
already some Si—H interaction in the ground state of the molecules. 

The lower acidity of Cp(OC) 2 Mn(H)SiR 3 complexes, compared with 
(OC) 4 Fe(H)SiR 3 having the same SiR 3 ligand, has also been attributed to 
the different bonding situation (17,19). However, the acidity is influenced 
much greater by the other ligands at the metal. Phosphine substitution 
lowers the acidity of the iron complexes without affecting the nature of 
the bonding. In fact, Cp(OC) 2 Mn(H)SiR 3 and (OC) 3 (PR 3 )Fe(H)SiR 3 
have about the same acidities (22b,25). Although some influence of the 
three-center bond on the acidity of the complexes is to be expected, this 
effect is difficult to quantify and remains obscure. The acidity of the agostic 
hydride in (T/ 3 -C 6 H 9 )Mn(CO) 3 was shown to be similar to that expected if 
it were a terminal hydride (26). 

The infrared absorptions associated with the hydride ligand in 
Cp(OC)LMn(H)SiR 3 are difficult to analyze because the Mn—H stretch¬ 
ing mode is usually hidden by the i'(CO) absorptions and pronouncedly 
broadened. The latter observation was the first spectroscopic evidence for 
a Mn—H—Si three-center bond in these complexes. Because the absorp¬ 
tions for hydrogen bridging two metal centers are in some cases consid¬ 
erably broadened, compared with terminal metal-hydrogen stretching 
modes, Kaesz and colleagues concluded that, in the manganese complexes, 
“the hydrogen atom must occupy some type of bridging position,” 
although the i>(Mn—H) band is rather high lying [1890 cm -1 in 
Cp(OC) 2 Mn(H)SiPh 3 ] (27). 

NMR measurements provide the most powerful spectroscopic evidence 
for three-center bonds in metal complexes of the type L„M(H)Y (A). The 
chemical shifts of both Y and the hydride ligand are of little diagnostic 
value with respect to the bonding situation, because their absolute values 
are in most cases similar to complexes containing terminal hydrides and are 
to a high degree influenced by the nature of the L„M moiety and the 
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substituents attached to Y. In only a few cases are pairs of very similar 
complexes with and without three-center bonds available to allow a 
meaningful comparison. 

The magnitude of the /(YMH) coupling constant, however, is in most 
cases a reliable indicator for the particular bonding situation. Its upper 
limit is '/(YH), if H is directly bonded to Y (two-center, two-electron 
bond); the lower limit is 2 /(YMH) in complexes with no Y—H interaction. 
/(YMnH) in complexes of type A lies between the two extremes, and 
therefore we do not assign a superscript to /. The magnitude of/(YMnH) 
depends on the degree to which addition of Y—H to L„M has occurred 
(vide infra). For instance, while '/(HD) in HD gas is 43.2 Hz and 
2 /(HMD) in classic hydride deuteride complexes is less than 2 Hz, 
/(HMD) values between 22 and 34 Hz are found in ij 2 -HD complexes 
(5,6a). Similarly, J(CMH) in complexes with nonfluxional M—H—C 
three-center interactions is smaller than ‘/(CH) by about 125 Hz (sp 3 - 
hybridized carbon) but is greater than the coupling constants found in 
classic hydrido alkyl complexes (<10 Hz) ( 6a,7a,b ). 

When Y is SiR 3 the upper limit is given by the '/(SiH) value for coupling 
in silanes of about 200 Hz. For the lower limit only a few examples can be 
found in the literature: 2 /(SiMH) in Cp(OC)Fe(H)(SiCI 3 ) 2 is 20 Hz (28) 
and in Cp*Rh(H) 2 (SiEt 3 ) 2 is 7.9 Hz (29). An even lower value (3.5 Hz) 
is observed for Cp 2 W(H)Si(SiMe 3 ) 3 (30). In this three complexes the 
H and SiR 3 groups are cis, and, at least in the latter two examples, a 
Si—H interaction can be excluded. Although the magnitude of 2 /(SiMH) 
obviously depends on the nature of the L„M moiety and on the substituents 
at silicon, it is safe to assume that no strong Si—H interaction is to be 
expected, if/(SiMH) drops below 10-20 Hz. Coupling constants of 65 and 
69 Hz found for MeCp(OC) 2 Mn(H)SiR 3 (SiR 3 = SiPh 3 , SiHPhNp) are 
distinctly higher and are consistent with the assumption of a three-center, 
two-electron interaction in these complexes (17). The correlation between 
the magnitude of /(SiMnH) and changes in the bonding situation induced 
by variations of ligands at the metal and substituents at silicon (11) is 
discussed below. 

The first structural evidence for an Si—H interaction in complexes of the 
type Cp(OC) 2 Mn(H)SiR 3 was obtained for the SiPh 3 derivative (18,31). 
Subsequent structure determinations of other derivatives showed that 
there are a number of structural features which are typical for the three- 
center bonding situation (11). In this section, these features are discussed 
in detail for MeCp(OC) 2 Mn(H)SiFPh 2 (Fig. 2) because the hydrogen 
atoms in this compound were located by neutron diffraction analysis 
(11,32). The question of how certain structural features correlate with the 
degree to which HSiR 3 is added to the Cp(OC)LMn fragment is deferred 
to a later section. 
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Fig. 2. Structure of MeCp(OC) 2 Mn(H)SiFPh 2 as determined by neutron diffraction. All 
hydrogen atoms except the hydride ligand are omitted for clarity (11,32). 

The most prominent structural feature of Fig. 2 is the rather short Si—H 
distance [180.2(5) pm], which is only about 30 pm (20%) longer than 
covalent Si—H bond lengths in tetrahedral silanes (148 ±2 pm). Smith 
and Bennett have argued that the close approach of the hydrogen to the 
silicon atom in Cp(OC) 2 Mn(H)SiR 3 derivatives could be only steric in 
origin and might be caused by repulsion between the hydride ligand and 
the cis-CO ligand (33). To evaluate this argument, an estimation of the 
shortest possible nonbonding Si—H distance has to be made (being aware 
that there is no sharp border between bonding and nonbonding). 

Structural and theoretical studies on 1,3-disiladioxetans have shown that 
there is no bonding interaction between the two silicon atoms, although 
they approach each other as close as 230-240 pm (34). An even shorter 
contact appears unlikely; therefore, this distance may be taken as the 
shortest nonbonding Si—Si distance. In dihydride complexes a H—H 
separation of 185 pm was considered the limiting distance for H—H in¬ 
teraction (3e). Half the sum of both values can therefore be regarded the 
shortest possible nonbonding Si—H contact (about 210 pm). Because this 
limit depends somewhat on the substituents at silicon, it is reasonable to 
assume no significant Si—H interaction at distances greater than 200 pm. 

This limit can be probed for some hydrido silyl complexes which are 
unlikely to display three-center bonding. In the octahedral complex 7 the 
Si—H distance of 274 pm is far beyond the limit, although the geometry of 
7 is slightly distorted to adjust for the smaller size of the hydride ligand 
(35). Even if the equatorial plane becomes more crowded, the Si—H 
distances in 8 (in which SiMe 3 ,1, both H, and one PMe 3 are coplanar) stay 
above the limit (222 and 231 pm) (36). In the very interesting complexes of 
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type 9, the hydride ligands are symmetrically located between the silyl 
groups, and the Si—H distances (determined by neutron diffraction stud¬ 
ies) are between 221.2 and 238.4 pm (29,37). As a marginal note it is worth 
drawing attention to the fact that in 9 both silane units are completely 
oxidatively added, although the resulting high formal oxidation state of the 
metal could have been avoided by formation of three-center bonds. 


<^\P 


I „*H 

i e ^SiR 3 


H ™ e 3 

M e 3 SiA <? Me3 
h'i 1 

PMe 3 

8(56) 


EIjSi-D'SSj 
H H 

9a (M = Rh) (29) 
9b(M = Ir) (57) 


Returning to Cp(OC) 2 Mn(H)SiR 3 complexes, it appears unlikely that 
the Si—H distance is reduced to 180 pm only by steric repulsion between 
H and CO while at the same time the OC—Mn—CO angle remains close 
to 90° (vide infra). 

Evaluation of the Mn—H distance in Fig. 2 [156.9(4) pm] is more dif¬ 
ficult. The only other precise (i.e., by neutron diffraction) determined 
Mn—H distance is that of (OC) 5 MnH [160.1(16) pm] (3S). It is hard to 
estimate, however, how changes in the ligand sphere of the metal, particu¬ 
larly exchange of three CO ligands for a Cp ligand, affect the Mn—H 
distance. Transition metal-hydrogen distances generally seem to be re¬ 
latively insensitive structural parameters. Even if a hydride bridges two 
metals, the Mn—H distance is only about 10-15 pm longer than in com¬ 
plexes with terminal hydride ligands (4). 

Similar difficulties are encountered if the Mn—Si distance of Fig. 2 
[235.2(4) pm] is to be assessed. The only structurally characterized com¬ 
plexes containing Me—Si bonds are derivatives of (OC) 5 MnSiR 3 
[Mn—Si 240-256 pm (39a-e)], but, again, the influence of the different 
ligand environments on this bond length is unclear. For this reason is 
Fig. 2 better compared with another complex in which (1) the steric and 
electronic properties of the metal fragment are as similar as possible to the 
MeCp(OC) 2 Mn fragment, and (2) the same silyl group is bonded as in 
Fig. 2, but (3) the silyl ligand is bonded to the metal by a “normal” 
two-center bond. Under these premises the obvious choice is Cp- 
(OC) 2 FeSiFPh 2 . By X-ray structure analysis, an Fe—Si distance of 
227.8(1) pm was found (40), which is 7.4 pm longer than the Mn—Si 
distance in Fig. 2. Bearing in mind the similarity of both metal fragments, 
this difference is much too large to be explained by only an increase in the 
bonding radius of the metal. Instead, the obvious lengthening of 
the Mn—Si bond in Fig. 2 must be attributed to the Mn—H—Si three- 
center bond. 
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Apart from the short Si—H distances and the lengthening of the Mn—Si 
bonds, analysis of the geometry of the Cp(OC) 2 Mn fragment and the SiR 3 
group gives additional support for a delocalized Mn—H—Si bond. With¬ 
out an Si—H interaction, Fig. 2 would be of the c«-Cp(CO) 2 MLL' 
type (E) (‘four-legged piano stool’). In complexes of this type, C(CO)—M— 
C(CO) bond angles of about 74-78° are found, which are rather indepen¬ 
dent of M, L, and L'. In Fig. 2 the C(CO)—Mn—C(CO) angle is 89.7(1)°. 





This value is typical for complexes of the type Cp(OC) 2 ML (F) (‘three- 
legged piano stool’). A vector originating from Mn and perpendicular to 
both CO ligands points in between H and Si. Therefore, Fig. 2 (and all 
derivatives thereof) is of the type F, in which the Si—H bond acts as a 
single ligand. 

In all complexes of type Cp(OC) 2 Mn(H)SiR 3 (and also PR 3 -substituted 
derivatives) the orientation of the silane relative to the Cp(OC) 2 Mn frag¬ 
ment is the same. If the Mn—H—Si triangle is taken as a reference plane, 
both carbonyl ligands are below this plane at about the same distance, one 
substituent at silicon (R 1 ) is within this plane, and the other two substi¬ 
tuents at silicon (R 2 ) are above and below. The substituent R 1 is the most 
electronegative one (in Fig. 2, the fluorine atom); how much this orienta¬ 
tion of the silane is prone to steric effects has not yet been probed. 

The geometrical distortions induced on the SiR 3 group by the rf coor¬ 
dination of the silane can be described in different ways: Starting with 
a tetrahedral silane HSiR'R 2 , the angle H—Si—R 1 opens on coordina¬ 
tion to the metal [in Fig. 2, H—Si—F 148.8(2)°], while H—Si—R 2 and 
R 1 —Si—R 2 become smaller [in Fig. 2, H—Si—C(Ph) 91.9(2) and 
98.0(2)°, F—Si—C(Ph) 102.0(1) and 103.4(2)°]. The silyl ligand SiR*Ri 
appears to be tilted relative to the Mn—Si axis in such a way that a 
hypothetical sp 3 orbital at silicon does not point at the metal atom (as 
would be the case in a two-center bond), but in between Mn and H. This 
tilting of the SiR 3 ligand can be observed if the three substituents at silicon 
are identical. For instance, in MeCp(OC) 2 Mn(H)SiCl 3 the Mn—Si—Cl 
angles are 117.46(8), 117.22(8), and 113.95(8)°, the latter angle corre¬ 
sponding to the chlorine atom located in the Mn—H—Si plane (R 1 ) (41). 
In Cp(OC) 2 Mn(H)SiPh 3 (18,31) the tilting is about twice as large. 

On the basis of the structural data, one would expect the two CO ligands 
in the dicarbonyl complexes to be inequivalent. However, in 13 C-NMR 
spectra of Cp(OC) 2 Mn(H)SiR 3 complexes there is only one carbonyl 
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resonance, even at low temperatures. In the case of MeCp(OC) 2 Mn(H)- 
SiMePhNp, the expected diastereomers (owing to the chirality of both 
Mn and Si) were not observed (17), and the prochiral methyl groups in 
MeCp(OC)(PMe 2 Ph)Mn(H)SiHPh 2 appear equivalent in the 'H-NMR 
spectrum (11). 

Fluxional behavior in solution is typical for hydrido silyl complexes, even in 
the absence of a three-center bond (as in the octahedral iron complex 7 
and derivatives thereof) (35,42). In SiHR 2 derivatives there is no exchange 
on the NMR time scale between the hydride ligand involved in the three- 
center bond and the hydrogen atom terminally bonded to silicon; in other 
words, two separate and sharp signals are observed for these atoms in the 
'H-NMR spectra (13,17). On the other hand, proton exchange was ob¬ 
served in the following experiment: reaction of both [MeCp(OC) 2 Mn— 
SiHPhNp] - with DC1 and [MeCp(OC) 2 Mn—SiDPhNp]- with HC1 
gave an 1:1 mixture of MeCp(OC) 2 Mn(H)SiDPhNp and MeCp(OC) 2 - 
Mn(D)SiPhNp (17). The mechanism of the dynamic process therefore 
remains unclear, and further experiments are needed. By the aforemen¬ 
tioned failure to exchange the silyl groups between MeCp(OC) 2 Mn(D)- 
SiDPhNp and H 2 SiPhNp (17), only mechanisms involving complete 
dissociation of the silane can be excluded. A possible mechanism could 
involve species in which a momentarily dissociated silane remains within 
the solvent cage and recombines with the same metal atom (17), species 
containing an “open” Mn—H—Si three-center bond without Mn—Si in¬ 
teraction (3b), or intramolecular hydrogen migration (43). 

C. Theoretical Interpretation 

As pointed out in Section I, there are several ways to depict the bonding 
situation in Fig. 2 in valence bond terms, all of them having drawbacks for 
the sake of simplification. A more precise description can only be given by 
molecular orbital interaction diagrams. 

Saillard et al. carried out molecular orbital calculations of the extended 
Hiickel type for the model compound Cp(OC) 2 Mn(H)SiH 3 (3b), the 
geometry of which was based on the experimentally determined structure 
of MeCp(OC) 2 Mn(H)SiCl 3 (41). The frontier molecular orbital interaction 
diagram is given in Fig. 3. It shows the frontier orbitals of the well-known 
16-electron Cp(OC) 2 Mn fragment on the left-hand side, with a hybrid 
<r-type vacant orbital lying above a group of three occupied, d-type (f 2g ) 
orbitals. The HOMO and the LUMO of the distorted H- • -SiH 3 fragment 
are the Si—H bonding & and antibonding a* orbitals. 

Between these two fragments two major interactions are observed 
(3b): an interaction between o-(SiH) and the vacant hybrid orbital of 
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Fio. 3. Frontier molecular orbital interaction diagram for Cp(OC) 2 Mn(H)SiH 3 . [Repro¬ 
duced from RabaS et al. (3b) with permission of Elsevier Science Publishers, Amsterdam.] 

Cp(OC) 2 Mn, corresponding to delocalization of the <r(SiH) bonding pair to 
the Mn atom and leading to a loss of Si—H bonding character, and an 
interaction between o-*(SiH) and the highest / 2g -type occupied orbital of the 
Cp(OC) 2 Mn fragment, corresponding to delocalization of a metal 7rlone pair 
into the a* (SiH) orbital (“backbonding” in terms of coordination chemistry) 
and leading to a gain of Si—H antibonding character. According to extended 
Hiickel calculations, the Si—H overlap population is reduced to 0.24 by both 
interactions, compared with 0.74 for uncoordinated SiH 4 (3b). This means 
that on coordination to the metal the Si—H bond is weakened but not fully 
broken. 

Photoelectron (PE) spectra provide direct and quantitative information 
on the electron distribution within a compound. Recent investigation of 
the PE spectra of a number of MeCp(OC) 2 Mn(H)SiR 3 derivatives con¬ 
firmed the theoretical results (the PE spectrum of the SiCl 3 derivative is 
discussed below in another context) (44): if SiR 3 is SiXPh 2 (X = H, F), the 
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metal ionization band corresponding to the f 2g orbitals is not split much 
and only slightly stabilized compared with MeCp(OC) 3 Mn. From this 
result and the fact that the ionization potential of the phenyl n system is 
not much lower than in uncoordinated HSiXPh 2 , the conclusion was drawn 
that by coordination of the Si—H bond the metal is not oxidized, i.e., that 
the Si—H bond is not “oxidatively” added (44). 

D. Tuning the Three-Center Interaction 

From the molecular orbital diagram it is evident that the three-center 
interaction can be tuned by changing the energies of both fragments 
relative to each other and by varying the HOMO-LUMO gap of the 
silane. Strengthening of any of the two orbital interactions discussed leads 
to a weaker Si—H interaction and to a higher degree of oxidation of the 
metal. In practice, variation of the energy of the orbitals in question is 
achieved by changing substituents at silicon and ligands at the metal (the 
complementary possibility of replacing Mn or Si by neighboring elements is 
discussed below). 

Apart from PE spectra three physical parameters are particularly sensi¬ 
tive measures of changes in the Mn—H—Si interaction: the activation 
enthalpy for the reductive elimination of the silane (A//*), the Si—Mn—H 
coupling constant [/(SiMnH)] in the NMR spectrum, and the Mn—Si 
bond length [d(Mn—Si)] (11,45). We first discuss how substituents at 
silicon influence the degree to which the silane is added to the metal and 
then look at the influence of the electronic and steric properties of the 
metal moiety. The general idea is to change only one group at a time while 
keeping the remainder of the molecule constant and to study the relative 
changes in AH*, /(SiMnH), and <f(Mn—Si). From a series of such ob¬ 
servations, information on the progress of the oxidative addition reaction 
can be obtained. 

If HSiR 3 is eliminated from Cp(OC) 2 Mn(H)SiR 3 , dissociation of the 
silane is the rate-determining process (16), and therefore thermal stability 
of these complexes is governed by the magnitude of the activation param¬ 
eters for this step. Electronegative substituents at silicon increase the 
stability considerably: while H 2 SiEt 2 elimination from MeCp(OC) 2 Mn(H)- 
SiHEt 2 is so favorable that the complex decomposes in solution at room 
temperature within a few minutes, MeCp (OC) 2 Mn(H)SiHPh 2 or MeCp- 
(OC) 2 Mn(H)SiPh 3 are stable under these conditions. At 100°C HSiCl 3 is 
eliminated 10 5 times more slowly from Cp(OC) 2 Mn(H)SiCl 3 than HSiPh 3 
is from Cp(OC) 2 Mn(H)SiPh 3 (16). Although activation parameters were 
determined only for MeCp(OC) 2 Mn(H)SiPh 3 (16) and MeCp(OC) 2 Mn- 
(H)SiHPh 2 (45) in this series, the magnitude of AG* (and AH*) clearly 
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decreases in the order SiCl 3 :» SiPh 3 > SiHEt 2 . It is tempting to assume 
that elimination of the silane takes place more easily the stronger the 
Si—H interaction. The kinetic parameters can indeed be qualitatively cor¬ 
related with the bonding situation in the ground state, as the following dis¬ 
cussion of d(Mn-Si) and J(SiMnH) shows. 

The upper part of Table I (11,18,23b,31,32,41,46) lists a series of six 
complexes differing only by the kind of SiR 3 ligand (8). All have the same 
overall geometry and show the aforementioned structual features typical 
for a three-center bond. Thermal stability of the complexes decreases from 
SiR 3 = SiCl 3 to SiR 3 = SiPh 3 and SiMePhNp; that is, in the latter two 
complexes the silane is more readily eliminated than in the complexes 
listed above them. As stability decreases, the Mn—Si distance increases by 
17 pm! Direct correlation of this considerable difference in bond lengths 
with the bonding situation is tempting but premature at this point. 

If one considers the structures in Table I to be snapshots showing the 
silanes in different stages of the oxidative addition reaction, a reasonable 
interpretation of the data is that the Mn—Si distance becomes shorter as 
the Si—H bond of the entering silane becomes weaker as the addition 
reaction progresses. However, we are not watching the same silane in all 
structures, and we have to make a correction to be on common ground. 
It is known from organosilanes that the “covalent radius” of silicon is 
strongly influenced by its substituents. In the series R 4 _ n SiCl„ (R = organic 
moiety) the Si—C bond increases about 3 pm for each replacement of a Cl 


TABLE I 

Selected Distances (pm) of 7j-C 5 R((OC)LMn(H)SiR 3 


V-C.R's 

L 

SiR 3 

Mn—Si 

Mn—H 

Si—H 

Reference(s) 

MeCp 

CO 

SiCl 3 

225.4(1) 

147(3) 

179(4) 

41 

Cp 

CO 

SiCl 2 Ph 

231.0(2) 

149(6) 

179(6) 

46 

MeCp 

CO 

SiFPh 2 “ (7) 

235.2(4) 

156.9(4) 

180.2(5) 

11,32 

MeCp 

CO 

SiHPh 2 

236.4(2) 

— 

— 

11 

Cp 

CO 

SiPh 3 

242.4(2) 

155(4) 

176(4) 

18,31 

MeCp 

CO 

SiMePhNp b 

246.1(7) 

- 

- 

23b 

C 5 Me 5 

CO 

SiHPh 2 

239.5(1) 

152(3) 

177(3) 

11 

C 5 Me 5 

CO 

#i-SiH 2 

243.4(3) 

- 

- 

12 

MeCp 

PMe 3 

SiHPh 2 

232.7(1) 

149(4) 

178(4) 

11 

MeCp 

Ph 2 PCH 2 CH 2 SiMe 2 (4) 

245.7(2) 

153(4) 

175(4) 

14 


“Neutron diffraction. 
*Np, 1-Naphthyl. 
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atom by an R group (47). The same trend is found in silyl metal complexes in 
which the SiR 3 ligand is bonded to the metal by a normal two-center bond: the 
Fe—Si distance in Cp(OC) 2 FeSiCl 3 [221.6(1) pm] is 6.2 pm shorter than in 
Cp(OC) 2 FeSiFPh 2 [227.8(1) pm] (40). Based on these numbers one would 
expect a shortening of the Mn—Si bond length in Cp(OC) 2 Mn(H)SiR 3 of 
about 9 pm, if SiPh 3 is replaced by SiCl 3 , only because of the different 
covalent radii of silicon in SiPh 3 and SiCl 3 groups. The actual shortening is 
about twice as high, and the additional decrease in the Mn—Si distance must 
be attributed to a steady change in the bonding situation within this series. 

Being suitably cautious because of the high standard deviations of the 
Mn—H and Si—H distances, a few trends can be recognized if the halogen 
atoms of Cp(OC) 2 Mn(H)SiCl 3 are successively replaced by organic groups 
(Table I): (1) the Mn—Si distance (after correction of the Si radius) 
becomes distinctly longer, (2) the Mn—H distance becomes a little longer, 
and (3) the Si—H distance remains about the same. If the increasing bond 
radius of silicon is taken into account, the Si—H bond length actually 
decreases on a relative scale. According to the structure correlation 
method (48), a trajectory for the reaction of silanes with the Cp(OC) 2 Mn 
fragment can be proposed from these observations [Eq. (5)] (11,41). The 

% — L„M L„», ^ (5) 

G H 

silane probably approaches the metal with the hydrogen ahead (G). As the 
addition of the silane proceeds (G -> H), the Si—H bond pivots, strongly 
increasing the Mn—Si interaction, only slightly strengthening the Mn—H 
interaction, and further weakening the Si—H bond. In the manganese 
complexes oxidative addition is arrested at a stage corresponding to H. 

It is gratifying that later molecular orbital calculations (3a) and structure 
correlations (49) for the addition of C—H a bonds to transition metals 
gave similar results. The results obtained by structure correlation appear 
more straightforward for the Si—H addition, because they are derived 
from a single type of complex and the correction of the silicon radius is 
more precise than the very crude correction of the metal radius, which was 
applied in the C—H case. 

As discussed for the Mn—Si bond lengths, two factors contribute to 
differences in /(SiMnH) in a pair of Cp(OC) 2 Mn(H)SiR 3 complexes hav¬ 
ing different SiR 3 groups, say, SiCl 3 and SiHPh 2 . According to structural 
and kinetic data, the Si—H interaction within the Mn—H—Si three- 
center bond is larger in the SiHPh 2 derivative. Therefore, the coupling 
constant should be larger than in the SiCl 3 derivative (vide supra). On the 
other hand, exchange of the electronegative chlorine atoms by phenyl 
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groups decreases the s contribution in the silicon orbital directed toward 
the metal. This effect should decrease the absolute value of the coupling 
constant (50). Both factors are superimposed and have a countercurrent 
effect on 7(SiMnH). Therefore, only small changes in 7(SiMnH) can be 
expected if only the SiR 3 group is changed. Nevertheless, 7(SiMnH) in 
MeCp(OC) 2 Mn(H)SiCl 3 is significantly smaller than in MeCp(OC) 2 - 
Mn(H)SiHPh 2 (Table II). A more detailed investigation of the influence of 
substituents at silicon on the magnitude and the sign of the SiMH coupling 
constants in hydrido silyl complexes without a M—H—Si three- 
center bond is necessary for a more quantitative evaluation of the available 
NMR data. 

In summary, comparison of the physical data of complexes of type 
Cp(OC) 2 Mn(H)SiR 3 clearly shows that addition of HSiR 3 to the Cp- 
(OC) 2 Mn fragment is “frozen” at a later stage if the R groups at silicon are 
electronegative. Vice versa, electron-donating R substituents favor a stron¬ 
ger Si—H interaction in these complexes. To what extent the different size 
of the SiR 3 group also affects the three-center interaction remains to be 
determined. 

There is no doubt in the series of complexes of type Cp(OC) 2 Mn(H)SiR 3 
having different SiR 3 groups that addition of HSiCl 3 is most advanced. An 
interesting question is whether the Si—H bond in MeCp(OC) 2 Mn(H)- 
SiCl 3 is fully broken or whether there is still a small bonding interaction. 
Although the structure of MeCp(OC) 2 Mn(H)SiCl 3 shows all the previously 
discussed geometrical features typical for three-center bonding, the Mn—Si 


TABLE II 

Selected 29 Si-NMR Data of 7j-C 5 R.((OC)LMn(H)SiR 3 “ 


C5R5 

L 

SiR 3 

/(SiMnH) (Hz) 

7(SiH) (Hz) 

C 5 Me 5 

CO 

SiHPh 2 

65.4 

200.3 

MeCp 

CO 

SiHPh 2 

63.5 

205.2 

MeCp 

CNBu" 

SiHPh 2 

57.5 

194.1 

MeCp 

P(OPh) 3 

SiHPh 2 

45 

199 

MeCp 

P(p-C1C 6 H 4 ) 3 

SiHPh 2 

46.5 

196 

MeCp 

PPh 3 

SiHPh 2 

43 

191 

MeCp 

P(p-MeC 6 H 4 ), 

SiHPh 2 

44.5 

191 

MeCp 

PMe 3 

SiHPh 2 

38 

188 

MeCp 

CO 

SiCl 3 

54.8 

_ 

MeCp 

PMe 3 

SiCl 3 

20 



'From Ref. 11 . Spectra 


obtained at 30°C. 
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distance [225.4(1) pm] is only about 4 pm longer than the Fe—Si dis¬ 
tance in Cp(OC) 2 FeSiCl 3 [221.6(1) pm] (40) (remember that the differ¬ 
ence between both distances is 7.4 pm for the SiFPh 2 derivatives). This 
is about the difference in bonding radii of Mn and Fe one would expect 
if both metals are engaged in the same kind of bonding and have about 
the same ligand environment. While the magnitude of 7(SiMnH) in 
MeCp(OC) 2 Mn(H)SiCl 3 (Table II) suggests at least some Si—H inter¬ 
action (11), PE spectra and Fenske-Hall molecular orbital calculations sig¬ 
nify that this complex has proceeded very far toward formation of a 
Mn(III) center and individual Mn—Si and Mn—H bonds (44) [contrary to 
MeCp(OC) 2 Mn(H)SiXPh 2 , as mentioned above]. The metal ionization 
band corresponding to the t 2g orbitals is now extensively split, because one 
of the orbitals is stabilized by a strong interaction with o*(SiH). The 
He(I)/He(II) intensity comparison and the shift of the entire metal band to 
higher ionization energy relative to Cp(OC) 3 Mn are indicative of the metal 
approaching the +3 oxidation state (d 4 ). The chlorine lone pair ionization 
bands are shifted 1 eV to lower energy compared with uncoordinated 
HSiCl 3) as would be expected for an oxidative addition (44). The close 
proximity of the silicon and hydrogen atoms in this particular complex is 
explained by directed hybrid orbitals involving equally weighed d(yz) and 
d(z 2 ) orbitals (HOMO and LUMO) of the metal complex (44). 

Let us now turn to the question how, and to what extent, the three- 
center interaction can be tuned by variation of the ligands at the metal. By 
the same rationale as before the silyl group is now kept constant, while the 
steric and electronic properties of the metal fragment are varied by substi¬ 
tuting one CO ligand. For NMR spectroscopic reasons (discussed below), 
the SiHPh 2 group was chosen. Already on a qualitative level it is obvious 
that a PR 3 ligand increases the thermal stability of the complexes, i.e., 
renders the elimination of the silane more difficult. While MeCp(CO) 2 - 
Mn(H)SiHEt 2 readily eliminates H 2 SiEt 2 at 25°C, phosphine-substituted 
derivatives of the type MeCp(OC) 2 Mn(H)SiHEt 2 are stable at this tem¬ 
perature (45). 

Kinetic investigation of a series of complexes of type MeCp- 
(OC)(PR 3 )Mn(H)SiHPh 2 with different PR 3 ligands shows that H 2 SiPh 2 
is eliminated according to the same first-order rate law as for the corre¬ 
sponding dicarbonyl derivatives (vide supra) (45). There is both a steric 
and an electronic influence of the PR 3 ligand on A//*: activation enthalpy 
increases with increasing electron density at the Mn atom but decreases 
with increasing bulkiness of the PR 3 ligand. The highest A H* value 
(139 kJ/mol) is observed for MeCp(OC)(PMe 3 )Mn(H)SiHPh 2 (compared 
with 106 kJ/mol for the dicarbonyl derivative), owing to the high basicity 
but low steric demand of the PMe 3 ligand. Because the A H x values show 
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the same trend as the NMR coupling constants, the relative changes in the 
magnitude of A//* can roughly be correlated with the degree of Si—H 
interaction in the ground state of these complexes (45). 

In the series of complexes of type MeCp(OC)LMn(H)SiR 3 having differ¬ 
ent ligands L, the SiHPh 2 group was used in order to have an internal 
reference on how '/(SiH) changes on variation of L (11). The problem is 
analogous to that discussed before: if the electronic and steric properties of 
the MeCp(OC)LMn fragment are varied, the coupling constants would 
also be affected to some degree even in the absence of a three-center 
interaction. Increasing or decreasing the Si—H interaction additionally 
influences the coupling constants. Changes in V(SiH) (Table II) should 
mainly reflect changes in the electronegativity of the MeCp(OC)LMn 
fragment on variation of L, while 7 (SiMnH) undoubtedly is subject to both 
influences. Table II clearly shows that within a series of complexes 
MeCp(OC)LMn(H)SiHPh 2 both ‘/(SiH) and /(SiMnH) decrease as the 
basicity of L increases. However, while V(SiH) changes by only 8% from 
L = CO to L = PMe 3 ,/(SiMnH) decreases to a much greater extent (11). 
Although this is only a qualitative argument, the strong decrease of 
/(SiMnH) is probably due to a weakening of the Si—H interaction. It may 
be noted in passing that 2 /(PMH) coupling constants in phosphine- 
substituted metal hydrides are rather insensitive to changes of the ligands 
at the metal for a given orientation of H and P. 

Both kinetic data and coupling constants show that oxidative addition of 
a given silane to Cp(OC)LMn can be promoted by small and basic ligands 
at the manganese atom. This corresponds to the general experience that 
oxidative addition reactions are favored by small metal moieties having 
high electron density at the metal. 

We can question again whether in MeCp(OC)(PMe 3 )Mn(H)SiHPh 2 the 
Si—H bond is fully broken or not. The latter seems to be the case, because 
the /(SiMnH) value becomes even smaller when SiHPh 2 is replaced by 
SiCl 3 [20 Hz in MeCp(OC)(PMe 3 )Mn(H)SiCl 3 ] (11). On the other hand, 
this is also another indication that there is still some Si—H interaction in 
MeCp(OC) 2 Mn(H)SiCl 3 . Unfortunately, the structure of MeCp(OC)- 
(PMe 3 )Mn(H)SiCl 3 is not yet available to test the degree of Si—H inter¬ 
action by structural methods. 

In the series of PR 3 -substituted derivatives only the crystal structures of 
MeCp(OC)(PMe 3 )Mn(H)SiHPh 2 and the cyclic compound 4 (R = Me) 
are known. Comparison of MeCp(OC)(PMe 3 )Mn(H)SiHPh 2 with the cor¬ 
responding dicarbonyl derivative shows a striking similarity of the ge¬ 
ometry of both complexes even in details. The main difference is a 3.7 pm 
shorter Mn—Si distance in the PMe 3 derivative (77). Because no suitable 
complexes are available for a meaningful comparison, it is difficult to 
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estimate the influence of the PMe 3 ligand on the bonding radius of the 
manganese atom as well as the degree to which the Mn—Si bond is 
shortened due to a more advanced addition of the silane to the metal 
center. 

Interestingly, the Mn—Si distance is distinctly lengthened [245.7(2) pm] 
in the cyclic compound 4 (R = Me) (14). This lengthening must be at¬ 
tributed to the presence of three alkyl substituents at silicon. As men¬ 
tioned before, the complexes MeCp(CO) 2 Mn(H)Si(alkyl) 3 are not stable, 
because elimination of HSiR 3 is favored by the electron-donating alkyl 
groups. The phosphine ligand in 4 has an opposite effect and stabilizes the 
complex toward reductive elimination of the silane. The chelate effect 
probably has an additional stabilizing effect. The resulting Mn—Si distance 
reflects the influence of both the PR 3 and the Si(alkyl) 3 ligands. 

Another way of modifying the properties of the metal fragment is to 
substitute the Cp ligand. The differences between MeCp(OC) 2 - 
Mn(H)SiHPh 2 and Cp*(OC) 2 Mn(H)SiHPh 2 turned out to be rather small: 
substitution of MeCp by Cp* results in a small but significant decrease 
of A H* for the reductive elimination of H 2 SiPh 2 , in the lengthening of 
the Mn—Si distance by about 3 pm, and in a 1.9 Hz larger 7(SiMnH) 
value (11). These results are consistent with the assumption that in the 
Cp* derivative the Si—H interaction is slightly larger than in the MeCp 
derivative; that is the addition of H 2 SiPh 2 is somewhat obstructed by the 
Cp* ligand, probably for steric reasons. 

The data given in this section unequivocally show that the three-center, 
two-electron Mn—H—Si interaction can be finely tuned by both the 
substituents at silicon and the ligands at the metal. High electron density at 
the metal, small ligands, and electronegative substituents at silicon weaken 
the Si—H interaction and favor oxidative addition of the silane. By suit¬ 
able choice of substituents and ligands one can aim to obtain a series of 
complexes which correspond to different points on the reaction co¬ 
ordinates of oxidative addition, from a position where the hydrogen is 
still strongly bonded to silicon to a fully oxidatively added silane. This pos¬ 
sibility makes the CpL 2 Mn(H)SiR 3 system unique with respect to studying 
this type of reaction in detail by physical methods. 

E. Related Complexes 

Another way of modifying the bonding properties of the metal complex 
fragment is to change the metal itself while retaining the general type of 
complex. The first examples which were investigated in this respect are the 
analogous rhenium complexes Cp(OC) 2 Re(H)SiR 3 , prepared by Graham 
and colleagues (22c). Both chemical behavior and the crystal structure of 
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Cp(OC) 2 Re(H)SiPh 3 ( 10 ) (51) indicate that, contrary to the corresponding 
manganese complexes, there is no metal-hydrogen-silicon three-center 
bond. [However, molecular orbital calculations indicate that there still 
might be some Si—H interaction (3b).] Complex 10 is obtained by UV 
irradiation of Cp(OC) 3 Re and HSiPh 3 as the cis isomer [Eq. (6)]. Protona¬ 
tion of [Cp(OC) 2 ReSiPh 3 ]“, however, gives the trans isomer, which is 


Cp(CO) 3 Re - HSiPh 3 



c/s-10 


KOH/ ^ 
EtOH 


10 h /70°C 
or NEt 3 /20°C 



H 3 P0 4 

0°C 


0 0 

frans-10 


( 6 ) 


stable in the solid state but in solution slowly converts to the cis isomer 
[Eq. (6)] (22c). The complex Cp(OC) 2 Re(H)Si(CH 2 Ph) 3 exists as a cis- 
trans mixture in solution (22c). 

The deprotonation-reprotonation experiment shows that, in contrast 
with the manganese complexes, the driving force for the preferred forma¬ 
tion of the sterically less favorable cis isomer, namely, the three-center 
M—H—Si interaction, is diminished or absent in the rhenium complexes. 
Consequently, the structure of 10 is closer to the four-legged piano stool 
type (E), with H and SiPh 3 being two individual ligands. The CO— 
Re—CO angle closes to 83.5° (compared with about 90° in all the man¬ 
ganese complexes), and the Si—H distance lengthens to 219 pm, which 
is distinctly above the limit discussed earlier. [Although the hydride 
ligand was not located, its position was reasonably determined by mini¬ 
mization of intramolecular contacts (57).] The Re—Si distance in 10 
[249(1) pm] is only about 6.5 pm longer than the Mn—Si distance in 
Cp(OC) 2 Mn(H)SiPh 3 . If the silyl group were bonded in the same manner 
in both complexes, a much larger difference is expected, similar to the 
pairs of complexes (OC) 5 MSiH 3 [Mn—Si 240.7(5) pm (39d), Re—Si 
256.2(12) pm (52a)] or (OC) 5 MSi(SiMe 3 ) 3 [Mn—Si 256.4(6) pm (39c), 
Re—Si 266.5(9) pm (52b)]. 

On the basis of the previous discussion of bond distances in complexes 
containing M—H—Si three-center bonds, the relative shortening of the 
Re—Si distance in 10 compared with Mn—Si in Cp(OC) 2 Mn(H)SiPh 3 must 
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be attributed to the absence or at least a strong weakening of a three-center 
interaction. Therefore, the silane appears to be fully oxidatively added 
in 10 . This is in agreement with the general experience that oxidative addi¬ 
tion reactions proceed more readily with the heavier transition metals. 

Considering related complexes, one has to consider members of the 
(7r-arene)(OC) 2 M(H)SiR 3 family (M = first row transition metal) as poten¬ 
tial candidates that might contain M—H—Si three-center bonds. Both 
m-(Tj 4 -C 4 H 4 )(OC) 2 Fe(H)SiR 3 (15) and m-(rj 6 -C 6 R4)(OC) 2 Cr(H)SiR 3 
(9,15,53a, b) have been prepared by the photochemical route [as in 
Eq. (2)], but only the chromium compounds were examined with respect 
to bonding (53a). The derivative rj 6 -C 6 Me 6 (OC) 2 Cr(H)SiHPh 2 (Fig. 4) 
turned out to be very similar to i 7 -C 5 Me 5 (OC) 2 Mn(H)SiHPh 2 , and a 
Cr—H—Si three-center bond was clearly established for Fig. 4 (53a). The 
solid state structures of both compounds closely resemble one another. In 
particular, Fig. 4 also shows the typical geometrical features associated 
with a three-center bond. In the Cr—H—Si triangle the relevant distances 
are Cr—Si 245.6(1), Cr—H 161(4), and Si—H 161(4) pm, compared 
with Mn—Si 239.5(1), Mn—H 152(3), and Si—H 177(3) pm in Cp*- 
(OC) 2 Mn(H)SiHPh 2 (53a), Since the covalent radius of Cr(0) should be 
only 1-2 pm longer than that of isoelectronic Mn(I) in a similar electronic 
and steric ligand environment, the observed difference in the metal-silicon 
bond lengths of about 6 pm suggests that bonding of H 2 SiPh 2 in the 
chromium complex corresponds to an earlier stage of the oxidative addi¬ 
tion reaction than in the manganese complex. The assumption of a weaker 
metal-silicon interaction in Fig. 4 and, hence, a stronger Si—H interaction 
is also supported by the shorter Si—H and longer Cr—H distances and a 
larger coupling constant 7(SiCrH) (70.8 Hz). The stronger Si—H interac- 



Fig. 4. Molecular structure of Cp*(OC) 2 Cr(H)SiHPh 2 (55a). 
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tion in Fig. 4 is probably due to the larger size of the ir-arene ligand rather 
than the different metal, in agreement with the steric influence of the 
ligands found for the series of phosphine-substituted manganese complexes 
(53a). In a series of complexes of type i 7 6 -C 6 R 6 (OC) 2 Cr(H)SiHPh 2 , 
./(SiCrH) was shown to increase if electron-donating substituents R are 
replaced by electron-withdrawing ones. At present, the largest 7(SiMH) 
coupling constant is observed in [i 7 6 -C 6 H 4 (COOMe) 2 ](OC) 2 Cr(H)SiHPh 2 . 

While it is evident from the structure of i 7 6 -C 6 Me 6 (OC) 2 Cr(H)SiHPh 2 
(Fig. 4) that other metals (at least first row transition metals) may replace 
manganese in the M—H—Si three-center bond, the question arises 
whether replacement of silicon by higher homologs results in retention of 
the three-center bond. Germyl complexes of the type MeCp(OC) 2 - 
Mn(H)GeR 3 have been prepared either by the photochemical route [anal¬ 
ogous to Eq. (2)] or by thermal reaction of GeR 3 2 -with MeCp(OC) 3 - 
Mn followed by protonation of the thus obtained anionic complexes 
[MeCp(OC) 2 MnGeR 3 r (23b). The compound MeCp(OC) 2 Mn(H)SnPh 3 
has also been prepared according to Eq. (2) (54). Independent of the 
method of preparation, only the cis isomer is obtained, and the preference 
for this isomer was also confirmed by the previously discussed deprotona- 
tion-reprotonation experiments (23b,54). By the same reasoning as 
above, the absence of a trans isomer in both the germyl and stannyl 
complexes may be related to a bonding interaction between hydrogen and 
germanium or tin. 

Further evidence for Mn—H—Sn three-center bonding in the tin com¬ 
pound was obtained by NMR spectroscopy and an X-ray structure deter¬ 
mination (54). In alkyltin hydrides the ^(SnH) values are typically 1500- 
1800 Hz, while those of 2 J( SnCH) are 50-70 Hz. In ris-(OC) 4 Os(H)SnCl 3 , 
in which there should be no interaction between the hydride and the SnCl 3 
ligand, 2 /( m SnOsH) = 136 Hz and 2 /( U7 SnOsH) = 129.5 Hz (55). The 
distinctly higher values of 7( u9 SnMnH) = 270 Hz and 7( 117 SnMnH) = 
252 Hz in MeCp(OC) 2 Mn(H)SnPh 3 strongly favor some Sn—H 
interaction. 

The solid state structure of MeCp(OC) 2 Mn(H)SnPh 3 closely resembles 
the structures of analogous silyl complexes and shows again all the pre¬ 
viously discussed structural features typical for a three-center interaction. 
The Sn—H distance [216(4) pm] is only about 45 pm (21%) longer than in 
methyl-substituted stannanes and therefore indicative of a bonding interac¬ 
tion between both atoms. It should be noted that the Si—H distances in 
the compounds Cp(OC)LMn(H)SiR 3 are also 15-20% longer than in 
tetrahedral silanes. To evaluate the Mn—Sn distance, the complex is again 
better compared with Cp(OC) 2 FeSnPh 3 (Fe—Sn 253.3 and 254.0 pm, two 
independent molecules) (56a) than the species (OC 5 )MnSnR 3 . As discussed 
for the silyl derivatives, the bonding radius of Mn in the Cp(OC) 2 Mn 
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fragment is at most 4 pm larger than that of Fe in the Cp(OC) 2 Fe fragment. 
Because the metal-tin distances in MeCp(OC) 2 Mn(H)SnPh 3 and 
Cp(OC) 2 FeSnPh 3 differ by as much as 10 pm, the SnPh 3 moiety must be 
differently bonded in both complexes. The relative lengthening of the 
Mn—Sn distance must of course be attributed to the three-center bond. 

The very similar geometries of MeCp(OC) 2 Mn(H)SnPh 3 and the corre¬ 
sponding silyl complexes, particularly Cp(OC) 2 Mn(H)SiPh 3 (18,31), allow 
an interesting comparison with respect to the question of to what extent the 
HER 3 molecule has been added to the metal atom. While the bonding 
radius of manganese should be the same in both complexes, the difference 
in the bond radii of Sn and Si is 27 pm, as judged by the difference between 
the mean Sn—C and the mean Si—C distances. If both complexes were in 
the same stage of oxidative addition, the difference between the distances 
Mn—Si in Cp(OC) 2 Mn(H)SiPh 3 and Mn—Sn in MeCp(OC) 2 Mn(H) 
SnPh 3 would also be about 27 pm. Actually, this difference is only about 
21 pm [Mn—Sn 263.6(1) pm], i.e., the relative approach of the tin atom 
to the transition metal is closer. This means that addition of HSnPh 3 to 
the MeCp(OC) 2 Mn fragment is in a later stage than that of HSiPh 3 in Cp- 
(OC) 2 Mn(H)SiPh 3 . Moreover, a qualitative comparison of J (SnMnH) 
with7(SiMnH) is consistent with this interpretation. 

It is also worth noting that the Mn—Sn distance in MeCp(OC) 2 Mn- 
(H)SnPh 3 is much greater than the Re—Si distance in Cp(CO) 2 Re(H)- 
SiPh 3 . The increased size of the atoms involved (relative to Mn and Si), 
therefore, cannot be responsible for the absence of a three-center bond 
in the rhenium silyl compound. The preference of the Cp(OC) 2 Mn 
moiety for this kind of bonding is manifested by the dinuclear complexes 
of type 11 [with Mn-Pt 280.4(3), Mn—H 169(15), Pt—H 200(15) pm 
in lib] (22a). 


<^7 

0 C c H Au PPh 3 



lib (L = 3-picoline) 


III 

DINUCLEAR METAL COMPLEXES WITH BRIDGING 
M—H— SI INTERACTIONS 


At the time this article was written, the only mononuclear complexes for 
which a metal-hydrogen-silicon three-center bond was unambiguously 
proved belong to the (7r-arene) (OC) 2 M(H)SiR 3 family. Some less certain 
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cases, which may contain a three-center bond, are discussed later. How¬ 
ever, there are at least three undoubted examples (12-14) for the same 
kind of bonding in dinuclear metal compounds. [Attention has also been 
drawn to an osmium cluster with a bridging Os—H —Sn interaction (56b).] 


H Ph 
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(SiR 2 = SiMe 2 , SiPh 2 ) 


The distinction between between mono- and dinuclear metal complexes 
is only a formal one in terms of bonding (consider one substituent at silicon 
the second metal atom instead of an organic group, halide, or hydride 
substituent). The structural and spectroscopic features related to the three- 
center bond should therefore be more or less the same as previously 
discussed. 

The complexes 12 and 13 were discovered during an investigation of the 
dehydrogenative coupling of primary organosilanes to yield linear poly¬ 
silanes under the catalytic influence of dialkyltitanocenes. Complex 12 was 
detected by 'H NMR in an actively polymerizing PhSiH 3 reaction contain¬ 
ing a catalytic amount of Cp 2 TiMe 2 and was subsequently prepared in high 
yield by reaction of Cp 2 TiMe 2 with an approximately 3-fold excess of 
PhSiH 3 . Compound 12 is unstable in solution and decomposes to 13 and 
polysilane under ambient conditions. Addition of PhSiH 3 to a solution of 
13 regenerates 12. Complex 13 can also be synthesized by reaction of 
Cp 2 TiMe 2 and PhSiH 3 in an 1:1 molar ratio in diethyl ether (57). 

The crystal structures of 13 (Fig. 5) and 12 provide unambiguous proof 
for the presence of Ti—H—Si three-center bonds (57). To emphasize the 
similarities with mononuclear complexes, we consider one Si—H bond of 
the silane “(Cp 2 Ti)PhSiH 2 ” to be added to the titanium center of another 
Cp 2 Ti—SiH 2 Ph in 12 and to a Cp 2 TiH molecule in 13 (type I). In both 
complexes oxidative addition is arrested at a point corresponding to H in 
Eq. (5). 

R 

R-4--H 
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Fig. 5. Molecular structure of the dimeric titanium compound 13 (57). 

While the Si—H bond lengths for the terminal hydride substituents in 12 
and 13 are as expected [147(3) pm], the Si—H distances within the Ti— 
H—Si three-center bonds are 158(3) pm in 12 and 156(7) pm in 13 . Note 
that these distances are considerably shorter than in the tj-CsR^OC)- 
LMn(H)SiR 3 series (Table I) and only 7% longer than covalent Si—H 
bonds (compared to 15-20% in the manganese series). Consequently, the 
Ti—Si distances within the Ti—H—Si triangles are rather long. Because 
the silicon atoms in 12 and 13 are bonded to one of the titanium atoms by 
a conventional two-center bond [Ti-Si 260.4(2) and 258.3(2) pm in 12 and 
261(2) pm in 13 ] and to the other by a three-center Ti—H—Si bond 
[Ti—Si 289.1(2) and 285.1(2) pm in 12 and 278(2) pm in 13 ], the difference 
in bond lengths directly reflects the different bonding situation. The relative 
lengthening of the Ti—Si distance within the three-center bond is 
about 10% in 12 and 6.5% in 13 , compared with at most 4% in the series of 
manganese complexes. The Si—H and Ti—Si distances of 12 and 13 
therefore clearly show that in these complexes addition of the silane to the 
metal [Eq. (5)] is arrested at a much earlier stage than in any of the 
previously discussed mononuclear metal complexes. This interpretation is 
confirmed by the bond angles at silicon. Looking only at the “parent 
silane” (Cp 2 Ti)PhSiH 2 moiety, the tetrahedral geometry at silicon is pre¬ 
served to a much higher degree on coordination of the Si—H bond to the 
metal than in the manganese complexes. The structural and electronic simi¬ 
larity between 13 and the aluminum compound 15 (58) should be noticed. 

In the 'H-NMR spectra of 12 and 13 , separate signals in the Si—H 
region and in the metal hydride region are observed (57). The molecules 
are therefore not fluxional on the NMR time scale with respect to hydrogen 
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scrambing. A 29 Si-NMR spectrum of 13 revealed coupling of the silicon 
nucleus to three different hydrogen atoms, with coupling constants of 148, 
58, and 14 Hz (57), demonstrating uniquely the lower limit [ 2 /(SiTiH) = 
14 Hz], the upper limit ['/(SiH) = 148 Hz], and the intermediate case 
[/(SiTiH) of the three-center bond = 58 Hz] in a single compound. In 
agreement with the structural data, the three-center Si—H coupling con¬ 
stant is closer to ^/(SiH) than in the Cp(OC)LMn(H)SiR 3 complexes 
(Table II), corresponding to an earlier stage of the addition reaction. Of 
course, the absolute values of J cannot be directly compared between both 
types of complexes because of the different metal moieties involved. 

The platinum complexes of type 14 (59) are formally related to the 
titanium complex 12. One can again treat these complexes as examples of 
incipient oxidative addition of a metallosilane to another metal atom 
(which incidentally is the other metal atom of a dinuclear complex) (I). 
Complexes of type 14 with various phosphine ligands and dimethylsilyl or 
diphenylsilyl moieties are best prepared from diethylsilane or diphenylsi- 
lane and Pt(C 2 H 4 ) 2 PR 3 according to Eq. (7) (59). Compound 14 [R = Me, 
R' = PCy 3 (Cy = C 6 H n ), subsequently referred to as 14a in Fig. 6] is also 
obtained, but in lower yield, by thermolysis of [Pt(/x-H)(SiMe 2 Ph)(PCy 3 )] 2 
or by reaction of Pt(C 2 H 4 ) 2 PCy 3 with HSi 2 Me 5 (59). 

2Pt(C 2 H 4 ) 2 PR; + 2H 2 SiR 2 -* 14 + 4 C 2 H 4 + H 2 (7) 

Although the IR and 'H-NMR spectra of 14 show some features unusual 
for platinum hydrides, the occurrence of a Pt—H—Si three-center bond is 
mainly proved by a structure determination of 14a (Fig. 6) (59). The 
hydrogen atom was located from a difference Fourier map (but was not 



Fig. 6. Molecular structure of the dimeric platinum compound 14a (59). 
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refined) at a distance of 178 pm from Pt and 172 pm from silicon within the 
greater of the two P—Pt—Si angles [144.6(3) versus 104.5(3)°] and bridg¬ 
ing the longer of the two Pt—Si bonds [242.0(2) versus 232.4(2) pm]. 
While the shorter Pt—Si distance of 14a (Fig. 6) is comparable to 
Pt(II)—Si(alkyl) 3 bond lenghts ( 60a-c ), lengthening of the second Pt—Si 
distance by about 4% is attributed to the Pt—H—Si three-center bond. The 
relative increase in the Pt—Si distance owing to three-center bonding is 
distinctly smaller than in the titanium complexes 12 and 13 but comparable 
to the less stable complexes within the Cp(OC) 2 Mn(H)SiR 3 series, indicat¬ 
ing a similar degree of Si—H interaction. 

Graham and Hoyano have prepared a number of dinuclear metal com¬ 
plexes (16-19, Fig. 7) by reaction of W(CO) 6 or Re 2 (CO) 10 with diethyl- or 
diphenylsilane, and these products probably also contain metal-hydrogen- 
silicon three-center bonds (18,61). Since spectroscopic evidence is lacking 
[only for 17 was three-center interaction also suggested by an analysis of 
the vibrational spectrum (27)] and the crucial hydrides were not located in 
the X-ray structure determinations, all arguments for and against three- 
center bonds are solely based on the geometry of the heavy atom skeleton. 
In every case, there are two mutually trans CO ligands perpendicular to the 
plane of the M 2 Si triangle or M 2 Si 2 rectangle, respectively. Because the 
M—M—CO bond angles (M = W, Re) of these carbonyl ligands are close 
to 90°, the hydride ligands are certainly located within the M 2 Si (M 2 Si 2 ) 
plane (Fig. 7). 

Among the complexes 16-19 a three-center interaction appears most 
likely for the tungsten compound W 2 (CO) 8 (H) 2 (SiEt 2 ) 2 (16) (61). There is a 
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Fig. 7. Heavy atom skeletons of compounds 16-19. At each metal atom two additional 
CO ligands above and below the plane of the paper are omitted for clarity. A indicates 
possible positions of the hydride ligands. 
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conspicuous similarity with the platinum compound 14: in the centrosym- 
metric W 2 Si 2 core the W—Si distances are pairwise inequivalent 
[258.6(5) and 270.3(4) pm], and the CO ligands in the W 2 Si 2 plane are not 
symmetrical with respect to the W—W axis. The hydride ligand is ob¬ 
viously located between the longer of the two W—Si vectors (W—Si* in 
Fig. 7) and the adjacent CO ligand [OC—W—Si* 109.1(5)°], causing the 
other ligands in this plane to close up. The resulting OC—W—CO angle 
of 78.5° is of the same magnitude as those in ds-Cp(OC) 2 MLL' com¬ 
plexes. The seemingly small Si—W—CO angle of 66.6° corresponds to a 
C(CO) -Si contact of 256 pm, which is about the same as found in 
MeCp(OC) 2 Mn(H)SiFPh 2 (Fig. 2). 

Cowie and Bennett argued that an unreasonably short C(CO) • • • H 
contact can be avoided only if there is a short Si—H distance, i.e., a 
W—H—Si three-center bond (62). This argument can be probed in the 
following way: if the hydride is placed in the coordination plane containing 
both Si* and the adjacent CO ligand, at a distance of 170 pm from the 
tungsten atom and 200 pm from silicon, which would be the limit for a 
nonbonding Si—H contact (vide supra), a C(CO) • • • H distance of 194 pm 
is calculated (corresponding to a OC—W—H angle of 61.4°). In the 
manganese complex (Fig. 2), the distance between the hydride ligand and 
the cis-carbonyl ligand is 209 pm. Any increase in the nonbonding 
C(CO)—H distance of 16 shortens the Si— H distance. Therefore, from 
steric considerations the assumption of a W—H—Si three-center bond 
seems reasonable. 

The rhenium compounds 17-19 (62-64) are less crowded because they 
contain one ligand less in the coordination plane containing the hydride 
ligand. Therefore the OC—Re—Si angle enclosing the hydride ligand 
opens to 125-127.5°, providing enough space to accommodate the hydride 
ligand without the contacts with the neighboring CO and SiR 3 ligands 
being too short. The similarity of the Re—Si bond lengths in Re 2 (CO) 8 - 
(/x-SiPh 2 ) 2 (62,63), Re 2 (CO) 8 (H) 2 (SiPh 2 ) (17), Re 2 (CO) 7 (H) 2 (SiEt 2 ) 2 (19), 
and Re 2 (CO) 6 (H) 4 (SiEt 2 ) 2 (18) was taken as evidence against a Re— 
H—Si three-center bond in the latter three complexes (62). However, 
this argument does not take into account (1) the different ligand environ¬ 
ments at the rhenium atoms; (2) the different substituents at silicon; (3) the 
fact that lengthening of the M—Si distance due to three-center bonding 
may be small, if the addition of the silane is in an early stage; or (4) that the 
various influences on the M—Si bond length may compensate each other. 
At the present time, the available data are therefore not sufficient to decide 
whether the rhenium complexes 17-19 contain Re—H—Si three-center 
bonds or terminal hydride ligands. 
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IV 

OTHER COMPLEXES POSSIBLY CONTAINING M—H—Si 
THREE-CENTER BONDS 

Apart from the dinuclear metal complexes 17-19 there are also some 
mononuclear metal compounds for which the occurrence of M—H—Si 
three-center bonds appears possible, judging from currently available data. 
The first complex in this category, 20, was obtained by Jetz and Graham 
among other products by reaction of trichlorosilane with Cp 2 (OC) 4 Fe 2 (65). 

^7 
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20 

Subsequently three complexes of this type [SiR 3 = SiCl 3 (66), SiF 2 Me 
(67), and SiMe 2 Ph (6#)] were structurally characterized, but only in one of 
them (SiR 3 = SiF 2 Me) was the hydrogen located. 

The overall geometries of the three complexes are very similar, namely, 
basically of the four-legged piano stool type, the hydride ligand being trans 
to CO and cis to both SiR 3 ligands. The silyl ligands (Si—Fe—Si be¬ 
tween 112.5 and 115.3°) are bent toward the hydride site, and the OC— 
Fe—Si angles (81.4-85.5°) are therefore larger than typical angles between 
cis ligands in complexes of the type CpL 4 M. In the SiF 2 Me derivative a 
crystallographic mirror plane bisects the molecule, making both silyl 
groups crystallographically equivalent. The hydride ligand was located 
within this mirror plane at a distance of 149(6) pm from iron and 
206(7) pm from each silicon atom (OC—Fe—H 109°) (67). 

According to the previous discussion, these Si—H distances appear too 
long for a bonding interaction (at most it could be a very weak interaction). 
However, some caution with respect to the hydrogen position seems mer¬ 
ited. The famous example of [(OC) 5 Cr—H—Cr(CO) 5 ]“ must be recalled, 
for which a linear Cr—H—Cr linkage was inferred from the crystallo¬ 
graphic inversion symmetry (69a), whereas a later neutron diffraction study 
(69b) showed the bridging hydrogen atom to be disordered between two 
crystallographically related sites 60 pm apart from each other, resulting in 
a Cr— H —Cr angle of 158.9(6)°. The available crystallographic data for 
Cp(OC)Fe(H)(SiR 3 ) 2 (20) are not sufficient to exclude the possibility that 
the hydrogen position found in the SiF 2 Me derivative is an average of two 
sites displaced from the mirror plane, corresponding to a double-minimum 
potential well. In this case the complexes 20 would contain both a clas- 
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sically bonded SiR 3 group and a Fe—H—Si three-center bond, and they 
would be isoelectronic and isostructural with Cp(OC)(PR 3 )Mn(H)SiR 3 (3). 
In this connection the similarity of the bond angles around the manganese 
atom in MeCp(OC)(PMe 3 )Mn(H)SiHPh 2 (11) [P—Mn—Si 113.6(6)°, 
P—Mn—CO 87.4(2)°, Si—Mn—CO 80.0(2)°] and the corresponding 
angles in the Cp(OC)Fe(H)(SiR 3 ) 2 derivatives (vide supra) is noteworthy. 
Obviously, a neutron diffraction study and detailed NMR spectroscopic 
investigations are necessary to resolve the question of how the hydride 
ligand is bonded in 20. 

Another iron compound which possibly contains a Fe—H—Si three- 
center bond is (dppe)(OC)Fe(H) 3 SiR 3 (70). Despite the fact that the 
hydride ligands could not be located in an X-ray structure determination of 
the Si(OEt) 3 derivative, the heavy atom skeleton suggests some unusual 
kind of bonding. The iron atom is approximately trigonal bipyramidally 
surrounded by the two phosphorus atoms, the Si(OEt) 3 group, and the CO 
ligand. Both the apical CO ligand and the equatorial silyl ligand are 
symmetric relative to the dppe ligand. This geometry suggests that at least 
some of the hydride ligands must be trans to the carbonyl group. If there 
were three terminal hydride ligands and a classically bonded silyl group, a 
formal oxidation state of +4 of the iron atom would result, which is rather 
unlikely. Either a rf 2 -H 2 ligand (leaving a terminal hydride and a terminal 
silyl ligand) or a Tj 2 -HSiR 3 ligand (leaving two terminal hydrides) is more 
reasonable resulting in the formal oxidation state +2 and providing an 
explanation for the unusual geometry. The high fluxionality of these com¬ 
pounds even at low temperatures prevented detailed interpretation of the 
NMR data. However, the T x value of 438 mseconds at room temperature 
of the Si(OEt) 3 derivative (71) appears too high for a i 7 2 -H 2 complex (72), 
even if classic and nonclassic sites exchange rapidly. 

The M—H—Si three-center interactions may not only be an important 
property of ground-state structures of some hydrido silyl complexes, but 
may also play a role in dynamic processes. Many hydrido silyl complexes 
are highly fluxional, even if the hydride and the silyl ligand do not interact 
in the ground state. The compound (dppe)(OC) 2 Fe(H)SiR 3 is more dy¬ 
namic than (dppe)(OC) 2 FeH 2 or (dppe)(OC) 2 Fe(SiR 3 ) 2 (ER 3 ) (E = Si,Sn), 
indicating that at least in these cases the combination of a hydride and silyl 
ligand favors fluxionality (35). Complexes of the type c/5-(PR 3 ) 2 Pt(H)SiR 3 
exhibit two dynamic processes: and intramolecular interchange of the 
PR 3 positions (during which the P—Pt—H spin correlation in the NMR 
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spectra is retained) and a reversible addition-elimination equilibrium. One 
of the possible mechanisms for the intramolecular PR 3 exchange includes 
rotation of a i 7 2 -HSiR 3 ligand (J) ( 73a,b ). 

The importance of M—H—Si three-center interactions in reaction in¬ 
termediates is only slowly emerging. Kinetic and mechanistic studies of 
silane alcoholysis catalyzed by [IrH 2 S 2 (PPh 3 ) 2 ]SbF 6 (S = solvent) indicate 
that the silane is activated by rj 2 coordination (73c). Among the two 
isomers mer-(CO) 3 (PPh 3 )Fe(H)SiPh 3 , the isomer with a trans arrange¬ 
ment of H and PPh 3 undergoes HSiPh 3 elimination with PPh 3 183 times 
faster than the isomer with SiPh 3 and PPh 3 trans to each other. The effect 
of structure on the rate constants of HSiPh 3 elimination was explained by a 
steric interaction between PPh 3 and SiPh 3 in the former isomer, forcing 
close contact between H and SiPh 3 , which could be a Fe—H—Si three- 
center interaction (25a). 


V 

tj 2 -S1H AND tj 2 -CH COMPLEXES: A COMPARISON 


For a more general comparison between complexes containing a three- 
center bond involving either a silicon or a carbon atom, let us return to the 
notion that in complexes of this type the E—H bond (E = C, Si) is not 
completely oxidatively added to the metal moiety (L„M) and that the 
addition process [Eq. (8)] is instead arrested at some point along the 
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reaction coordinates. The trajectory for both E = Si and E = C is very 
similar, as discussed earlier. Comparing the relevant physical properties of 
complexes containing M—H—E three-center bonds with those of either 
uncoordinated HER 3 molecules or classic hydrido alkyl or hydrido silyl 
complexes, we can assign complexes of this type to a particular stage of the 
oxidative addition (reductive elimination) reaction. 

The main difference between mononuclear complexes containing either 
a M—H—C or a M—H—Si three-center bond is that most t; 2 -CH com¬ 
plexes correspond to an earlier stage of the addition reaction than do the 
?j 2 -SiH complexes: 7(CMH) coupling constants are usually closer to the 
values for *7(CH), while J(SiMH) values are closer to 2 /(SiMH), and the 
relative lengthening of the C—H distance on rj 2 coordination is usually 
smaller than that of coordinated Si—H bonds. For example, in the 
representative iron complex 21 [the structure of which was determined 
by neutron diffraction analysis (74)\, the coordinated C—H bond 
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[116.4(3) pm] is lengthened by about 7% relative to the other two hyd¬ 
rogen atoms at the same carbon atom [C—H 109.2(3) pm]. This compares 
with an increase of Si—H bond length of about 20% in the series of 
complexes Cp(OC)LMn(H)SiR 3 (vide supra). 
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The picture we have at present may be incomplete or biased because it is 
based only on available compounds, which are limited in number. As more 
and more complexes of this kind are found, it may be that there is a smooth 
reaction profile for both C—H and Si—H addition, corresponding to a 
gradual change of the physical parameters. 

A few dinuclear complexes are known, in which the a-CH bond of a 
metal-bonded alkyl group is 17 2 coordinated to another metal moiety, 
similar to the previously discussed dinuclear silyl complexes. In the iron 
complex 22 (75) both metal moieties are the same, and therefore the 
Fe—C distances [202.5(3) and 211.3(3) pm] can be directly compared 
without correction. The relative lengthening of the M—C distance of the 
Fe—H—C three-center bond (4.5%) is comparable to that in the silane- 
bridged titanium complex 13 (6.5%), corresponding to a similar stage of 
the oxidative addition. 
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In all complexes of the CpL 2 Mn(H)SiR 3 family, except 4, the silane is 
bonded to the metal only by the three-center bond (type K). Contrary to 
this, the “agostic” C—H bond in all known complexes with M—H—C 
three-center bonds is part of a ligand, which is also classically bonded to the 
same metal at another coordination site (type L'), either by a covalent 
bond or a 7 r-bond (as in 21) or by a metal-metal bond (as in 22). Although 
this difference probably has no influence on the principal characteristics of 
the three-center bond, it may be very important with respect to the stability 


LnM: : 

0*2 
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of the complexes. If the Si—H interaction in complexes of type K becomes 
too strong, the silane is easily eliminated, and the complex “decomposes” 
because the electron-deficient L„M moiety is usually not stable [i.e., the 
equilibrium Eq. (8) is shifted to the left owing to the instability of L„M], In 
complexes of type K' or L', the Si—H or C—H linkages remain close to 
the metal whether it is part of a two-center or a three-center bond. It can¬ 
not dissociate away from proximity to the metal. This means that com¬ 
plexes L' are probably stabilized by the chelate effect and they are acces¬ 
sible despite a rather weak interaction between the metal and the C—H 
bond (according to an early stage of the oxidative addition). 

The reason why all the known T} 2 -HSiR 3 complexes correspond to a late 
stage of the oxidative addition process and complexes with “agostic” C—H 
bonds to a rather early stage, may simply be a coincidence. By making use 
of the chelate effect it should be possible to obtain stable complexes of type 
K' with stronger Si—H interactions than in the hitherto known complexes 
K. Vice versa, by proper choice of the L„M moiety and the R groups at the 
carbon atom, complexes with weaker C—H interactions should be accessi¬ 
ble, in which the auxiliary bond is no longer necessary (type L). 

A final remark concerns complexes, represented by Green’s methyltita- 
nium complex 23 (76) or Schrock’s alkylidene complexes [e.g., 24 (77)], in 


■p.9, 

■P^ CH 2 “ 

a H 


23 



CP2 CITq^C^ Bu = Cp 2 CITa=C' Bu 
H H 

24 

which the three-center bond and the auxiliary bond originate from the 
same carbon atom. If oxidative addition of the C—H bond to the metal 
proceeded to completion, a hydrido methylene complex would result in the 
former case and a hydrido alkylidyne complex in the latter. Because of the 
reluctance of a silicon atom to become trigonally planar or even two 
coordinate, it will certainly be very difficult to get similar complexes with 
silicon instead of carbon. 
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I 

INTRODUCTION 

One of the oldest, but still useful, means of interrelating compounds is 
the comparative analysis of series of isoelectronic species (1-4). In a strict 
sense, the term isoelectronic refers to species containing the same number 
of electrons. A generally accepted premise is that such species will exhibit 
similar modes of bonding as, for example, reflected by geometric structure. 
The validity of this premise is supported by the usefulness of the isoelec¬ 
tronic concept in ordering and relating compounds of different elements (5). 
The emphasis, particularly when the isoelectronic concept is used in a 
pedagogical sense, is on the similarities exhibited by a given series. How¬ 
ever, the compounds found in such series often behave very differently in 
terms of chemical properties, e.g., reactivity. Thus, in principle, the real 
variation in electronic structure throughout an isoelectronic series also 
provides a means of understanding how systematic perturbation of a nuc¬ 
lear framework, while keeping the total number of electrons in the system 
constant, can be used to vary chemical properties in predictable ways. 

Our purpose here is to compare isoelectronic compounds containing 
direct main group element (including carbon)-transition metal bonding 
interactions. In terms of boron versus carbon it is a theme we have pursued 
for several years (6). A wide variety of main group element-transition 
metal compounds have also been characterized in many other laboratories. 
These novel compounds constitute a set of isoelectronic species such that a 
more generalized, if not complete, comparison is now possible. Similar 
considerations helped establish the isolobal principles used so effectively 
by Hoffmann (7), Mingos (S), Wade (9), and others. Indeed, one could well 
argue that little can be added to their seminal work and that yet another 
review can hardly be justified. However, our outlook is different in one 
essential feature. Rather than point out similarities in the way related 
fragments combine, we explore in what ways the members of an isoelec¬ 
tronic series differ! In true isoelectronic comparisons differences can be 
rather easily understood in terms of the perturbation of nuclear charge 

189 

Copyright © 1990 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



190 


ALLEN A. ARADI and THOMAS P. FEHLNER 


within the molecular framework. Hence, varying the metal permits sys¬ 
tematic variation in main group fragment properties, while varying the 
main group atom allows variation in the transition metal fragment prop¬ 
erties. In less rigorous uses of the term isoelectronic, e.g., isolobal clusters, 
the differences have a more complex origin and are much less useful in this 
sense. 

There have been a number of reviews in recent years covering 
parts of the topic of this article. Of special interest is an insightful review 
by Schmid (70) on main group-metal bonding appearing over a decade 
ago. Also of particular note are the excellent summaries by Whitmire (11), 
Herrmann (12), Adams and Horvath (13), Bottomley and Sutin (14), 
Vahrenkamp (15), Huttner and Knoll (16), Housecroft (17), Kennedy 
(18), and Johnson and Lewis (19), as well as more general sources (20,21). 
The reader should keep in mind that we have made no effort to pro¬ 
duce a comprehensive compilation of compounds containing main group 
element-transition metal interactions. Such information can be found 
in the topical or general reviews, often under the main group element 
of interest. We restrict ourselves to a somewhat eclectic selection of 
isoelectronic compounds for which sufficiently detailed information exists. 


II 

ISOELECTRONIC DEFINITIONS 

There are a number of ways in which the term isoelectronic is used to 
intercompare compounds. Strictly speaking, the term applies only to spe¬ 
cies containing the same total number of electrons, i.e., N 2 and CO are 
isoelectronic but N 2 and P 2 are not. Often, however, core electrons are ne¬ 
glected in such comparisons, and, in terms of valence electrons, N 2 and P 2 
are isoelectronic, i.e., valence isoelectronic. The idea is stretched further 
when it is applied to a particular type of interaction occurring in a series 
of molecules. For example, (OC) 3 Fe(C 2 H 4 ) 2 and CpCo(C 2 H 4 ) 2 (Cp = tj 5 - 
C 5 H 5 ) might be said to be isoelectronic with respect to the metal-olefin 
interaction even though the isolobal (7) CpCo and (OC) 3 Fe fragments 
contain 34 and 38 valence electrons, respectively (22,23). Likewise, 
[B 6 H 6 ] 2_ and H 2 Ru 6 (CO) 18 can be considered to be isoelectronic in terms 
of the number of electrons assigned to skeletal bonding (Section V,A) 
(24,25). 

The uses of the term isoelectronic depend on the validity of the separa¬ 
tion of the electrons into different types. Separation of valence and core 
electrons is good for most chemical purposes, although both must be 
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considered when attempting to utilize photoelectron spectroscopic in¬ 
formation to examine bonding in molecules (26). In addition, changes in 
the size of the atom core significantly perturb electronic structure and have 
dramatic effects on structure and reactivity. On the other hand, the separa¬ 
tion implied in the isolobal principle (third example) and the electron 
counting rules (fourth example) involves valence electrons and may not be 
so clear-cut. Indeed, as seen below, the assumption that such separations 
hold in detail has given rise to some interesting discussions in the literature. 

In this article we use the term isoelectronic to refer to species that 
contain the same total number of valence electrons. It will be necessary, 
however, to relax this definition for molecules that contain different sub- 
stitutents, e.g., Me rather than Et. Otherwise, the number of comparisons 
possible becomes very small. Likewise, some clusters are compared that 
are only isoelectronic in the sense of skeletal electron count in order to 
show the limits of the validity of such a separation. 

There are a number of ways of working the isoelectronic game, but an 
effective one is to simply realize that isoelectronic compounds differ only in 
the location of one or more protons. In thought experiments, the transfer 
can take place between nuclei, e.g., N 2 to CO, out of one nucleus to a 
position elsewhere in the molecule, e.g., CO to HBO, or out of one 
nucleus to infinity, e.g., CO to [BO] - . Obviously the reverse can also be 
contemplated, and the net charge can vary without changing the argu¬ 
ments, e.g., [H 3 0] + to [H 2 F] + . In this view, the connection between the 
electronic structures of isoelectronic species as expressed in the language of 
molecular orbitals (MOs) becomes readily appreciated. We have already 
presented some elementary aspects of such an approach and elaborate on 
this theme before each of the categories of E-M systems considered in this 
article (27). A general theoretical approach is presented in the book by 
Albright et al. (1). 

Molecular orbitals are characterized by energies and amplitudes express¬ 
ing the distribution of electron density over the nuclear framework (7-5). 
In the linear combination of atomic orbital (LCAO) approximation, the 
latter are expressed in terms of AO coefficients which in turn can be 
processed using the Mulliken approach into atomic and overlap popula¬ 
tions. These in turn are related to relative charge distribution and atom- 
atom bonding interactions. Although in principle all occupied MOs are 
required to describe an observable molecular property, in fact certain 
aspects of structure and reactivity correlate rather well with the nature of 
selected filled and unfilled MOs. In particular, the properties of the highest 
occupied MO (HOMO) and lowest unoccupied MO (LUMO) permit the 
rationalization of trends in structural and reaction properties (28). A 
qualitative predictor of stability or, alternatively, a predictor of electron 
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count for a stable species is the magnitude of the energy gap between the 
HOMO and LUMO. Stablility is associated with large gaps. Acid-base 
properties also correlate with LUMO-HOMO properties. Hence, the 
position of highest amplitude in the HOMO often coincides with position 
of attack of a Lewis acid, and the position of highest amplitude in the 
LUMO often predicts the site of attack of a Lewis base. 

Two molecules with the same number of electrons will have the same 
number of filled MOs but the total number of MOs will depend on the 
number of nuclei constituting the molecular framework. A change in the 
nuclear charge, Z, of an atom will result in a change in the atomic orbitals 
(size and energy), and a perturbation in those MOs in which the AO 
coefficients of the particular atom are nonzero. If the atom affected partici¬ 
pates extensively in the HOMO and/or LUMO, the HOMO-LUMO gap 
(stability) and acid-base properties will be changed. The effective nuclear 
charge can be changed by variation in group (increase or decrease in Z by 
one unit with a compensating change at another nuclear center in the 
molecule or a change in the overall charge on the species) or by variation 
in period (change in effective Z caused by differing numbers of core 
electrons). The effect of these changes are illustrated for each category of 
E-M species. This is done first with model compounds using the Fenske- 
Hall nonparameterized quantum chemical approach to define changes 
within an isoelectronic series (29). The advantage of the quantum chemical 
approach here is that although one is tied to practical chemistry one is not 
restricted by it. That is, one is free to roam among presently unchar¬ 
acterized but perfectly reasonable molecules that flesh out an interesting 
series. As this technique is now available on the MAC II (as well as other 
computing systems) and as it handles most elements in the periodic table, it 
is a valuable resource for the working chemist. The calculations are fol¬ 
lowed by a comparison of the properties of series of selected, known 
isoelectronic molecules and ions. 


Ill 

SIMPLE LIGANDS 

The interactions between main group species and transition metal frag¬ 
ments range from coordinate covalent bonds, where the main group spe¬ 
cies acts primarily as an electron donor and the transition metal fragment 
as an electron acceptor, to cluster systems where the concept of the main 
group fragment as a simple ligand is difficult to apply (30). We begin the 
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discussion with a description of the changes in the electronic structures of 
free ligands as protons are moved about. Then similar perturbations for 
ligands bound to a transition metal are examined. In both cases eigenvalue 
spectra (set of MO energies) and MO compositions derived from Fenske- 
Hall calculations are used to demonstrate trends. 

A. Free Ligands 

In Fig. 1, the eigenvalue spectra of N 2 , CO, and BF are shown. These 
10-valence electron diatomic molecules are related by the transfer of a 
proton between the nuclei. Note that if continued one more step, the 
unbound BeNe “molecule” would result. Figure 1 is a good illustration of 
the fact that atoms in molecules remember their origins. The contribution 
of the more electropositive element to the HOMO increases across the 
series while its contribution to the lower lying MOs decreases. A type of 
“phase separation,” as it were, takes place in that as one proceeds to BeNe 
the LUMO pair (and one high-lying empty MO not shown) become the 
empty Be 2 p AOs while the HOMO becomes the filled Be 2s AO. The 
other filled MOs become the filled Ne 2 p and 2s AOs. As the nuclear 
charges of the atoms making up the diatomic become more and more 
different, the filled MOs gain more character of the element with higher Z. 
However, the HOMO becomes more centered on the element of lower Z 
and rises in energy. The LUMO also becomes more centered on the more 


NN CO BF 



Fic. 1. Plot of MO energies (Fenske-Hall) for selected 10-electron diatomics related by 
proton transfer between nuclei (the highest lying unfilled MO is not shown). The numbers 
adjacent to selected levels give the percentage character of the electropositive atom in the 
corresponding MO. 
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CO BO' HBO 



Fig. 2. Plot of MO energies (Fenske-Hall) for selected 10-electron systems related by 
proton transfer away from the nuclei. The numbers adjacent to selected levels give the 
percentage electropositive element character in the corresponding MO unless identified 
otherwise. Correlation lines are drawn for the <r manifold. The shaded level for CO corre¬ 
sponds to the highest filled a level which becomes the BH bonding MO of HBO. 


electropositive element, and, hence, both the abase and tt acid properties 
of, for example, CO are primarily associated with the carbon atom. 

In Fig. 2, a proton is removed from the carbon atom of CO to produce 
[BO] - . Aside from a rise in energy of all the MOs because of the negative 
charge, there are small changes in relative orbital energies and composi¬ 
tions. When the proton is brought back into a position on the molecular 
axis of [BO] - opposite the boron atom, a dramatic change takes place. The 
formerly shielded proton now selectively stabilizes that MO of [BO] - (or 
CO) with a large amplitude in the region of space that it now occupies, 
i.e., the HOMO of [BO] - (or CO). As a consequence, the HOMO- 
LUMO gap of HBO is larger, and the nature of the HOMO of HBO differs 
from that of [BO] - (or CO). The basic pair in [BO] - or (CO) becomes the 
BH bond pair. Obviously, deprotonation of HBO leads to a high-lying MO 
with large amplitude in the region of space formerly occupied by the 
proton, i.e., a basic site. 

Figure 3 constitutes a variation on the theme presented in Fig. 1. In 
going from HBO to HCN there is a transfer of proton between the heavy 
nuclei. The results parallel those in Fig. 1 (except in reverse) in all regards 
except one. The EH orbital decreases in energy in going from HBO to 
HCN because of the increased nuclear charge of the more electropositive 
element. Hence, HCN is expected to be a better base than HBO but a 
poorer H donor. 
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HBO HCN 



Fig. 3. Plot of MO energies (Fenske-Hall) for HBO and HCN, which are related by 
proton transfer between nuclei (the two highest lying unfilled MOs are not shown). The 
numbers adjacent to selected levels give the percentage electropositive element character in 
the corresponding MO unless identified otherwise. Correlation lines are drawn for the cr 
manifold. 

B. Metal Complexes 

Although the changes in electronic structure illustrated above are 
elementary, and perhaps obvious, parallel changes occur in more complex 
series of isoelectronic molecules. This is illustrated with the isoelectronic 
metal complexes in Figs. 4 and 5. In Fig. 4, Ni(CO) 4 is compared with 
Co(NO)(CO) 3 . Here the molecules are related by the transfer of a proton 
between the metal nucleus and one nucleus of a ligand. Now the number of 
MOs is truly formidable; however, by classifying them according to their 
origin, considerable simplification is possible. For example, 20 of the filled 
MOs of Ni(CO) 4 (only 16 shown in Fig. 4) are associated with the carbonyl 
ligands. Those MOs derived from the HOMO of CO have significant metal 
character and a substantial spread in energy which is a consequence of the 
o--donor-acceptor interaction of CO with the metal. The highest filled 
MOs of Ni(CO) 4 are mainly metal in character with some CO character 
resulting from the 7r-donor-acceptor interaction of the metal with the CO 
ligands. 

As one goes from Ni(CO) 4 to Co(NO)(CO) 3 the MOs with large metal 
character rise because they are centered on a nucleus of reduced Z, while 
at the same time one ligand MO in each ligand block decreases in energy. 
The latter MOs are associated with the nitrosyl ligand, and the energy 
change is a reflection of the argument presented in Fig. 1. Because the 
LUMO now has significant NO character, it also decreases in energy. Both 
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Ni(CO ) 4 Co(NO)(CO ) 3 



Fig. 4. Plot of MO energies (Fenske-Hall) for two 50-electron metal-tetraligand com¬ 
plexes related by proton transfer between metal and ligand nuclei (the 4 lowest lying filled 
MOs and the 14 highest lying unfilled MOs are not shown). Small blocks correspond to a 
single MO. The larger blocks contain the number of MOs indicated, and the energies of the 
upper and lower edges are defined by the highest and lowest MO energies for a particular 
block. The stippled blocks correspond to MOs with large CO ligand contributions, whereas 
the solid blocks correspond to MOs with large contributions from the NO ligand. 


Ni(CO ) 4 HCo(CO ) 4 



Fig. 5. Plot of MO energies (Fenske-Hall) for two 50-electron metal tetracarbonyls 
related by proton transfer away from the metal nucleus (the 4 lowest lying filled MOs and the 
16 highest lying unfilled MOs are not shown). Small blocks correspond to a single MO. The 
larger blocks contain the number of MOs indicated, and the energies of the upper and lower 
edges are defined by the highest and lowest MO energies for a particular block. The stippled 
block corresponds to the Co—H bonding MO. 
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these changes cause a reduction in the HOMO-LUMO gap. Both changes 
should also be reflected in the chemistry of the two complexes; e.g., one 
would expect nucleophiles to attack the NO ligand in preference to a CO 
ligand. A more comprehensive and rigorous discussion of the differences 
between metal carbonyls and nitrosyls including evidence from photoelec¬ 
tron spectroscopy can be found in works by Lichtenberger and Kellogg 
(31) and by Green (32). 

In Fig. 5, the eigenvalue spectra of Ni(CO) 4 and HCo(CO) 4 are com¬ 
pared. Here the molecules are related by the transfer of a proton from the 
metal to an adjacent position. In this case, the CO ligands must rearrange 
to provide space for the new hydride ligand. Again, the reduction in the 
nuclear charge of the metal results in an increase in energy of all the 
metal-centered orbitals except one. This orbital has now become highly 
mixed with the H Is AO and constitutes the MH bonding MO. Because of 
the significant geometric difference between Ni(CO) 4 and HCo(CO) 4 there 
is no longer a simple one-to-one correspondence between MOs as seen in 
Fig. 2 for CO and HBO. However, the net consequence is the same. 
Deprotonation of HCo(CO) 4 with no structural rearrangement should lead 
to a species with a high-lying filled MO in the region of space previously 
occupied by the proton. In fact HCo(CO) 4 is rather acidic, which may 
reflect in part the ease of CO rearrangement to the energetically more 
favorable tetrahedral structure of the anion. 

In terms of systematic variation of the properties of main group element 
or transition metal, variation within a given group is as important as the 
“proton transfers” discussed above. Here the source of change is the 
difference in effective nuclear charge as the core electron density increases. 
To illustrate trends we use the evidence provided by photoelectron spec¬ 
troscopy, since calculational techniques become more suspect as the num¬ 
ber of electrons increases. For small molecules, and even for some large 
systems, the photoelectron spectra can be assigned empirically, and there¬ 
fore the information derived on the radical cation states of a given mole¬ 
cule is independent of the approximations of quantum chemistry (33). 
Thus, the trends discussed below are empirical in nature rather than 
theoretical, i.e., in the context of Greenwood and Earnshaw’s preface to 
Chemistry of the Elements (5), these ionization data are some of the facts of 
chemistry. Koopmans’ theorem (34), however, provides a connection be¬ 
tween the eigenvalue spectra discussed above and the photoelectron 
spectroscopic results to be discussed below. That is, in a closed shell 
molecule each filled MO can be identified with a radical cation state of the 
molecule, and the trends already discussed above are verified by photo¬ 
electron spectroscopic data. In the frozen orbital approximation, one 
equates the MO energies with the negative of the ionization potentials 
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(26). Although the quantitative use of Koopmans’ theorem is rarely jus¬ 
tified, it is useful as a language for discussing trends in ion states in terms of 
filled MOs. We use it in this sense. 

With the photoelectron spectroscopic technique one gains information 
that relates only to the occupied MOs; hence, what follows is restricted to 
the lowest ionization potentials corresponding to the highest occupied 
MOs. A most striking change in going down a group is the decrease in the 
ionization potentials of the valence electrons. As shown in Fig. 6 for the 
series N 2 to P 2 , this decrease is about 5 eV (25). Concomitant with de¬ 
creasing ionization potiential is an increase in MO size. Thus, the expected 
increase in basic properties of the molecule is modified by a greater 
diffuseness of the electron density. A second important difference is the 
fact that the a and tt levels do not change by the same amount. As a 
consequence, the highest lying ionizations of P 2 lie closer together than 
those of N 2 , i.e., the separation between the highest cr and v levels 
decreases appreciably. Hence, one might expect the potential sites of 
basicity in a heavier congener to be either more competitive or even 
different than those for the first row species. To emphasize this point, the 
valence ionizations of H 2 CEH (E = N, P) are shown schematically in Fig. 7 
(26). Here there is actually an inversion of the “lone pair” and v ioniza¬ 
tions in going from N to P. 

Similar changes occur when one compares CO and CS (Fig. 8) (27). 
Further, in comparing PN and CS one sees that the energies change in the 
same manner as the energies of the two highest filled MOs of N 2 and CO 
(Fig. 1) but that the scale of the energy change is much smaller. Finally, 
comparing CS with HBS (Fig. 8) shows that the large change caused by 
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h 2 c=nh h 2 c=ph 



Fig. 7. Correlation of the “lone pair” and ir ionizations of H 2 CNH and H 2 CPH (56). 

relocating a shielded proton elsewhere in the molecular framework causes 
a perturbation of essentially the same magnitude as in the first row example 
(Fig. 2) (38). 

The electronic structure of these small molecules could serve as the 
basis of a full article in another context, and our short summary of trends in 
MOs (or negative ionization potentials) lacks the depth the topic deserves. 
However, an understanding of these preliminary considerations is requisite 
for understanding the trends in structure and bonding observed in main 
group element-transition metal compounds. 
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C. Selected Examples 

In this section, we focus on isoelectronic series containing the main 
group hydrides tabulated below. We chose these species, first, because 
they are the simplest main group fragments that can form bonds with 
transition metals and, second, because the consequences of these frag¬ 
ments interacting with transition metals have a direct bearing on important 
chemical processes, such as H 2 0 splitting, catalytic oxidation of organic 
molecules, CO reduction followed by C—C bond formation, nitrogen 
fixation, and desulfurization reactions. 


—CH, (—CH 2 ) —nh 2 (—NH) —OH (—O) 

—SiH 3 (—SiH 2 ) —PH 2 (—PH) —SH (—S) —Cl 

—GeH 3 (—GeH 2 ) —AsH 2 (—AsH) —SeH (—Se) 

Of importance in each series is comparison of structure, unusual physical 
properties (if any), and chemical reactivity. A general observation is that 
the main group-hydride fragments when bonded to transition metals tend 
to lose hydrogen more easily as one progresses down each main group 
family. Hence, only a few examples of molecules containing SnH 3 , SbH 2 , 
or TeH fragments exist. Molecules containing the main group 13 frag¬ 
ments, e.g., —BH 4 ~, might have also been included, but we have chosen 
not to do so because there is no direct main group element-transition 
metal bond. However, the scientific literature is rich in complexes of this 
nature and reviews are available (39). 


1 . 130-Valence Electron Mononuclear Complexes 

The first set of examples are drawn from the work of Bercaw and 
colleagues (40). The four 130-electron compounds (Cp*) 2 W(Cl)Me (1), 
(Cp*) 2 W(Me) 2 (2), (Cp*) 2 Ta(PH 2 )(Me)H (3), and (Cp*) 2 Ta(SiH 3 )(Me)H 
(4) are typical for early transition metals (Cp* = Tj 5 -C 5 Me 5 ). 

a. Structure and Bonding. Although no crystal structures have been 
published for compounds 1-4 a distorted tetrahedral geometry similar to 
that of Cp 2 Hf(Me) 2 (41) is reasonable for 1 and 2. On the other hand, the 
latter two most likely have the Cp* ligands axial in a distorted trigonal 
bipyramidal arrangement like that published for the structure of 
(Cp) 2 Ti(CO)(i7 2 -PhCCPh) (see Section IV,B). As well established for this 
type of molecule (42), the Cp* ligands form a “bent sandwich” with the 
metal at the base of the resulting V structure. The Cp* rings are usually 
planar with the methyl groups bent away from the metal. 
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Compounds 3 and 4 have the PH 2 and the SiH 3 fragments positioned 
centrally equatorially with the H and Me occupying lateral positions copla- 
nar with the Ta atom (40). Models of the bonding of similar metallocenes 
such as (Cp) 2 Ta(H) 3 have been developed by Lauher and Hoffmann (43) 
using calculational techniques and by Green etal. (44) using photoelectron 
spectroscopic data. The three (Cp) 2 Ta fragment valence orbitals (of sym¬ 
metry 2a t , 2 bi, and 3aj) lying in a single plane are utilized to bond the 
three hydride ligands. Thus, the photoelectron spectrum of (Cp) 2 Ta(H) 3 
has no ionization band below 7.5 eV, confirming the absence of nonbond¬ 
ing pairs on the metal. In contrast, 1 and 2 are expected to show one 
ionization band below 7.5 eV, and closely related compounds indeed do 
so. 


b. Chemical Reactivity. Because of its reactivity toward nucleophiles, 
compound 1 is a useful starting material for a number of other permethyl- 
metallocenes. It can be converted to 2 by treatment with MeLi, and the 
chlorine atom can be substituted by a hydride atom by reaction with 
LiAlH 4 to give (Cp*) 2 W(Me)(H). Compound 2 can be synthesized from 1 
by alkylation with MeLi. Conversely, 1 can be regenerated from 2 by 
treatment with Me 3 SiCl and water (39). Reaction with PhLi is unusual in 
that an intermediate cation, [(Cp*) 2 W(=CH 2 )(H)] + , may be involved. 
The electrophilic center is localized on the methylenic carbon atom, which 
subsequently becomes alkylated to form (Cp*) 2 W(H)(CH 2 Ph). This has 
been viewed as activation of a methyl hydrogen by interaction with a metal 
via a C-H-M bridge (42). Compound 1 reacts with the carbene source 
LiCH 2 PMe 2 not by addition of an alkylidene to the metal as would be 
expected, but rather by metallation of a Cp* ring. Displacement of the 
chlorine atom results in bridging to the metal atom. An analogous product 
is observed on refluxing a toluene solution of (Cp*) 2 Ti(Me) 2 , but here, 
however, methane is evolved (45). 

2 . 128-Valence Electron Mononuclear Complexes 

A related isoelectronic group of compounds is (Cp*) 2 Hf(Me) 2 (5) (41), 
[(Cp*) 2 Ta(Me) 2 ] + (6), (Cp*) 2 Ta(=CH 2 )(Me) (7) (46), (Cp*) 2 Ta(r, 2 - 
C 2 H 4 )H (8) (47), [(Cp*) 2 W(=0)Me] + (9) (39), (Cp*) 2 Ti(EH) 2 (10) 
(E = S, Se, O) (48), (Cp*) 2 Hf(NHMe)(H) (11) (49), (Cp*) 2 M(OH) 2 (12) 
(M = Zr, Hf) (50), (Cp*) 2 Hf(OH)(H) (13) (50), and (Cp*) 2 M(NH 2 )(H) 
(14) (50). 


a. Structure and Bonding. The bonding of the main group fragment to 
the metal in metallocenes 5-14 involves the utilization of two of the three 
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valence orbitals of the Cp 2 M fragment. Evidence comes from structural 
studies. The structures of 5, 7, 10, and 11 have been determined by X-ray 
crystallography and are shown schematically in Fig. 9. Compound 5 has 
distorted tetrahedral structure with the cyclopentadienyl groups tilted 132° 
(41). The two Hf—Me bond lengths of 2.318 and 2.382 A are significantly 
different, and, in addition, the Me groups are disposed at a near right angle 
(94.8°). By comparison, the Cp ligands in 7 are tilted almost to an identical 
degree (135.7°) (46), but the Ta—Me bond length is shorter (2.246 A), the 
Ta—CH 2 bond length is short enough to be considered a tantalum-carbon 
double bond (2.026 A). The plane defined by the CH 2 group is almost 
perpendicular (88°) to that containing the C(H) 3 —Ta—C(H) 2 atoms. This 
places the pn orbital of the methylene in an orientation suitable for 7r 
bonding to a metal orbital that lies in this plane. The angle between the 
Ta—Me and Ta—CH 2 bonds is a little larger than that observed in 5 
(95.6°). 


izH’ 

5 





II 


Fig. 9. Structures of <Cp*) 2 Hf(Me) 2 (5) (41), (Cp*) 2 Ta(=CH 2 )(Me) (7) (46), (Cp*) 2 - 
Ti(SH) 2 ( 10 ) (48), and (Cp*) 2 Hf(NHMe)(H) ( 11 ) (49) generated from the respective X-ray 
parameters. Note the orientations of =CH 2 (88°), —SH (65°), and —NHMe (60°) from the 
horizontal plane, to maximize backbonding with the metal atoms. 
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Compound 11 is closely related to 7. If the Me group on N and the H on 
Hf were interchanged, 11 would be related to 7 by the transfer of a proton 
between the metal and main group atom nuclei. The consequences are 
evidenced in the structural data. As observed for the previous two com¬ 
pounds, the tilt angle of the Cp ligands is 139 . 1 °. Compound 11 has an 
Hf—N bond length of 2.027 A, which is very close to that of the methyl- 
idene in 7. Likewise the N—Me bond is out of the H—Hf—N plane, 
suggesting an interaction of the N pirorbital with a metal in-plane orbital. 
However, the angle achieved ( 63 °) is much less owing to either steric 
interactions of the methyl group with the Cp ring and/or a much more 
polarized and weaker n interaction. Consistent with this interpretation is 
the larger H—Hf—N angle of 101 ° (49). 

Additional information on electronic structure comes from a NMR study 
of a closely related series of compounds of the type (Cp*) 2 Hf(X)(H), 
where X is H, Me, OH, NH 2 , NHMe, or NMe 2 . Bercaw and co-workers 
observed that in the 'H-NMR spectrum the metal-bonded H atom be¬ 
comes more shielded as the n donor ability of X increases (51). The 
hydride chemical shifts corresponding to X are 8 15 . 6 , 13 . 1 , 10 . 2 , 9 . 3 , 9 . 1 , 
and 11 . 5 , respectively. Clearly, the n interaction of the main group ligand 
with the metal is important in compounds of this type. 

(Cp*) 2 Ti(SH) 2 (10) has Ti—S bond lengths of 2.409 and 2.418 A. The 
hydrogens on the sulfur atoms are trans to one another and form angles of 
66 and 64 . 5 ° with the S—Ti—S plane. This disposition suggests that here, 
as in 7 and 11, overlap between a filled orbital on sulfur and an empty 
orbital on titanium is important (48). 

b. Chemical Reactions. Complexes 5-11 are all somewhat air sensitive 
in solution. The lighter analog of 5, (Cp) 2 Zr(Me) 2 , has been shown to 
oxidatively add selenium in the Zr—Me bonds to yield Cp 2 Zr(SeMe) 2 , 
to photolytically insert C 2 D 4 in a Zr—Me bond to give Cp 2 Zr- 
(CD 2 CD 2 CH 3 )(Me), and to add CO to give the acetyl derivative Cp 2 Zr- 
[ 1 ? 2 C(=0)CH 3 ](Me) (52). 

While (Cp) 2 Zr(Me) 2 reacts mainly with electrophiles by oxidative addi¬ 
tion to the M—Me bond, (Cp*) 2 Ta(=CH 2 )(Me)(7) has nucleophilic char¬ 
acter situated at the methylidenic carbon atom. Lewis acids such as AlMe 3 
form adducts at this position, and 7 can be regenerated by reaction 
with NEt 3 . Compound 7 attacks CD 3 I, and the intermediate (Cp*) 2 - 
Ta(Me)(CH 2 CD 3 ) eliminates CH 3 D to yield (Cp) 2 Ta(77 2 -CH 2 CD 2 ). The 
carbene carbon ends up incorporated in an ethene molecule. On the other 
hand, reaction with CO or C 2 H 4 leads to products where the methylidene 
ligand has been replaced. 

Compounds 11 and 14 react with moisture to lead to the hydrox¬ 
ide (Cp*) 2 Hf(OH)(H) (13) (50), presumably through the dihydroxyl 
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intermediate (Cp*) 2 Hf(OH) 2 (12). The nitrogen atom in 14 is exchange¬ 
able with 15 N when stirred in I5 NH 3 (53). Compound 10 in solution exists 
in an equilibrium with its dimer [(Cp*) 2 Ti](/i-S) 2 as a minor component. 
It also reacts with sulfur transfer agents to form metallacyclohexasulfanes 
(54). 

3. 122-Valence Electron Mononuclear Complexes 

The final set of examples in this series are the isoelectronic 122-total 
valence electron complexes (Cp*) 2 Hf(Me)H (15), (Cp*) 2 V(Me) (16), 
(Cp*) 2 Ta(=CH 2 )H (17), [(Cp*) 2 W(Me)] + (18), [(Cp*) 2 W(=CH 2 )H] + 
(19), (Cp*) 2 Ta(=0)H (20), and [(Cp*) 2 W(=0)H] + (21) which have 
been studied mainly by Schrock (55), Green (56), Marks and Kolb (39), 
and Bercaw and colleagues (57). 

a. Structure. To the best of our knowledge, no crystal structures have 
been published for compounds 15-21, and the bonding is directly related 
to that discussed above for the metallocenes 7-14. Conspicuously absent in 
the series 15-21 are the heavier congeners such as the chalcogens contain¬ 
ing SH. 

b. Chemical Reactivity. Of particular interest in terms of chemical 
reactivity are compounds 18 and 19, which differ only in the location of a 
hydrogen atom. In fact 18 and 19 are in equilibrium and demonstrate an 
“agostic” metal-hydrogen activation (42). The methylidenes 17 and 19 
are the more stable, but the alkyl isomers [(Cp*) 2 W(CH 3 )] + (18) and 
(Cp*) 2 Ta(CH 3 ) can be trapped by addition of CO, CH 2 PMe 3 , PH 3 , or 
SiH 4 to give (Cp*) 2 M(CO)(Me), (Cp*) 2 M(=CH 2 )(Me) (7), (Cp*j 2 Ta- 
(PH 2 )(Me)H (3), and (Cp*) 2 Ta(SiH 3 )(Me)H (4), respectively (40). The 
analogous structural form of 20 and 21 with an OH fragment has not been 
observed. Instead, the hydrogen atom prefers to bond to the metal rather 
than the oxygen atom. This trend is the same as that observed for polynu¬ 
clear metal cluster systems (see Section V,C). Compounds 17 and 19 
convert to 20 and 21 on treatment with water. These latter oxo complexes 
exchange the oxo ligand with labeled H 2 *0 (39). The cation [(Cp*) 2 W- 
(=0)H] + (21) reacts with KOH to give the neutral compound (Cp*) 2 - 
W=0 (22) (39), which is isoelectronic with the hypothetical structure 
(Cp*) 2 W(=CH 2 ). Complex 22 is electrophilic, and reacts with MI to give 
(Cp*) 2 W(=0)(Me) and with LiAlH 4 by reduction to the hydroxo 
(Cp*) 2 W(OH)(H). Facile reduction of transition metal-oxo complexes has 
an important bearing on catalytic CO cleavage. 

4. Dinuclear Complexes 

Although there are many isoelectronic series in the category of dinuclear 
complexes, we discuss only one set of examples taken from Herrmann’s 
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work (58), in order to demonstrate the diverse range of reactivities possi¬ 
ble. This set includes the compounds [Cp*Mn(CO) 2 (H)] 2 (/t-SiH 2 )(23) 
(59), [CpFe(CO) 2 ] 2 ( M -Se) (24) (60), [Cp*Re(C0) 2 ] 2 ( M -0) (25) (67), 
[Cp*Re(CO) 2 ] 2 (/i,-Te) (26) (62), [Cp*Mn(CO) 2 ] 2 (M-AsH) (27) (63a,b), 
[Cp*Mn(CO) 2 ] 2 (M-Te) (28) (64), and [(MeCp)Mn(CO) 2 ] 2 (M-CH 2 ) (29) 
(65) (Fig. 10). Compounds 23 and 24 are isoelectronic, and members of 
the entire set are related in the sense of having isoelectronic bridging main 
group fragments. 


a. Structure and Bonding. X-Ray structures have been published for 
compounds 23-29 (59-65). Compound 29 (see Fig. 10) might be con¬ 
sidered as the parent molecule in the series 23-29. It has a methylene 
bridge and, hence, has been thoroughly studied. The Mn—Mn distance 
of 2.779 A and the Mn—C—Mn angle of 87.3° in 29 shows that it has 
a single metal-metal bond. 

A bonding scheme for metal dimers bridged by isoelectronic fragments 
begins with 29 and is based on molecular orbital calculations (66) and the 
photoelectron spectrum (67). Analysis of the photoelectron spectrum be¬ 
low the 11-eV range reveals two bands that can be assigned to metal-main 
group fragment interactions. The band found at 10.2 eV results from 
ionization of an MO corresponding to the main group fragment a donor 
interaction with the metal center. The band at lower ionization potential 
(8.3 eV) corresponds to a metal fragment donor interaction with the i t 
acceptor orbital on the main group fragment. The calculations provide 
more detail. The LUMO of the [CpMn(CO) 2 ] 2 fragment is bonding be¬ 
tween the metal atoms and has the appropriate symmetry and energy to 
overlap with the a (a,) orbital of the CH 2 fragment. The HOMO of the 
[CpMn(CO) 2 ] 2 fragment is antibonding between the metal atoms but has 
the appropriate symmetry and energy to overlap and interact with the 7r 
(6,) orbital of the CH 2 fragment. Hence, both <r donation and tt accep¬ 
tance of electron density by CH 2 strengthens the Mn—Mn interaction. 


• • 


• • 




ivt 



28 29 

Fig. 10. Structures of [Cp*Mn(CO) 2 ] 2 (/i-Te) (28) and [(MeCp)Mn(CO) 2 ] 2 (/i-CH 2 ) (29) 
from X-ray structures, showing a series of transition metal dimers linked by isoelectronic 
main group element fragments (63b). 
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Hence, the =CH 2 fragment is viewed as interacting with the two metals in 
a six-electron, three-center triangular bonding scheme analogous to that 
in cyclopropane (67). Finally, there is net charge transfer from the 
[CpMn(CO) 2 ] 2 fragment to the bridging methylene ligand, suggesting in¬ 
creased nucleophilic character for the main group fragment. 

Compound 23 has a distorted tetrahedral geometry at the Mn atom. The 
large metal-metal distance of 4.306 A indicates the absence of a direct 
bond. Other important parameters are a Mn—Si distance of 2.434 A and a 
Mn—Si—Mn angle of 124 . 4 °. The cyclopentadienyl ligands are trans to 
one another. In the ‘H-NMR spectrum of 23 the SiH 2 fragment protons are 
found at S 4 . 59 . Consistent with the model developed for CH 2 , the down- 
field resonance suggests significant charge transfer from the metals to the 
SiH 2 fragment. However, in 23 there can be no synergistic interaction 
between the main group metal and metal-metal interactions since, owing 
to the hydride ligands on the metal atoms, there is no metal-metal bond. 
In compound 24, which is isoelectronic to 23, the Fe—Se distance is 2.449 
A, and the Fe—Se—Fe angle is 115 . 27 °, which is about 9 ° smaller than 
that subtended at the silicon atom in 23. The geometry at Fe is distorted 
trigonal pyramidal with the cyclopentadienyl ligand at an apex. As in 23, 
the large Fe—Fe distance precludes a metal-metal bond. 

The oxo-bridged dimer [Cp*Re(C0) 2 ] 2 (/u-0) (25) (67) has a distorted 
square pyramidal configuration at rhenium. Consistent with the two fewer 
electrons relative to 23, the Re—Re bond length of 2.817 A demonstrates 
bonding between the two metal atoms. Similarly, the tellurium-bridged 
[Cp*Re(CO) 2 ] 2 (/u-Te) (26) ( 62 ) has an Re—Re bond length of 3.140 A 
which indicates a significant Re—Re interaction. As expected, the Re—Te 
distance of 2.679 A is much longer than the Re—O bond length of 1.973 A 
in 25, and the Re—Te—Re angle of 71 . 76 ° is smaller than the 
Re—O—Re angle of 91 . 1 °. 

Surprisingly, in going from the valence isoelectronic rhenium to man¬ 
ganese compounds (26-28) the M—Te—M angle opens up considerably 
to 123 . 8 ° and the Mn—Mn distance of 4.21 A shows that there is little or 
no direct metal-metal bonding in 28. These structural changes are accom¬ 
panied by rotation of the Cp*Mn(CO) 2 fragment about the M—E bond 
axis as shown in Fig. 10 as well as by a decrease in the M—Te distance to a 
value ( 2.459 A) indicative of Mn—Te multiple bonding. Apparently, going 
from Re to Mn stabilizes the open structure with added M—E bonding 
over the closed structure with a M—M bond. 

The valence isoelectronic compound to 28, [Cp*Mn(CO) 2 ] 2 (/i-AsH) 
(27) (63a,b), has an Mn—As bond length of 2.247 A, an As—H bond 
length of 1.52 A, and an Mn—As—Mn angle of 139 . 3 °. In terms of 
bonding 28 is much more closely related to 27 than to 26 or the “parent” 
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29. These examples demonstrate that the bonding in these ostensibly 
similar compounds can be significantly varied by changing either the metal 
or main group atom cores. 

b. Chemical Reactions. Thermolysis of 23 does not lead to hydrogen 
evolution, bond formation between the metal atoms, and generation of 
the silicon analog of 29. Instead, the compound fragments to yield 
[Cp*Mn] 2 0-CO) 3 and Cp*Mn(CO) 3 (59). A similar reaction occurs with 
the oxo-bridged compound 25. 

As expected from the discussion of model compounds, the formal con¬ 
version of the SiH 2 fragment to Se yields sites of Lewis basicity. Hence, the 
selenium and tellurium bridges of 24 and 26 can be protonated by 
HBF 4 • OEt 2 and the process reversed using weak bases such as NHEt 2 . 
Alkylation with CF 3 S0 3 CH 3 also readily takes place. 

An interesting cluster-building reaction is observed with the chromium 
analog-[CpCr(CO) 2 ] 2 (/x-Se) and Fe 2 (CO) 9 , leading to the cluster 
framework Cr 2 Fe(/i 3 -Se) (6S). A similar “tetrahedrane” cluster with (/r 3 - 
Te) forms from reaction of 28 and Fe 2 (CO) 9 (69). This tendency toward 
novel transition metal cluster building, with main group elements as 
anchoring units is important in the design of homogeneous cluster catalysts 
because of the superior strength of the transition metal-main group metal 
bond relative to metal-metal bonds. In a related reaction, hydrogen 
is lost when [Cp*Mn(CO) 2 ] 2 (/i-AsH) (27) is heated, and a new com¬ 
plex, [Cp*Mn(CO) 2 ] 2 (/u,r? 2 -As 2 ), with a “butterfly” framework forms 
(63a,b,70). Here the As 2 unit binds in an acetylenic fashion to the metal 
framework. The molybdenum and tungsten analogs have been made pre¬ 
viously (71). The compound is related to the series [CpMo(CO) 2 ] 2 (|i.,r; 2 - 
C 2 H 2 ) (72), [(OC) 3 Co] 2 (/i,tj 2 -P 2 ) (73), [(OC) 3 Co] 2 ( M ,r ? 2 -As 2 ) (74), and 
[(OC) 3 Fe] 2 (/j.,i 7 2 -S 2 ) (75), all of which have been characterized by X-ray 
crystallography. 


5 . Complexes with Three-Center, Two-Electron Si — H—M Bonds 

A general review by Cundy etal. (76) on silicon-transition metal com¬ 
plexes has appeared, and again, we select only a few molecules to highlight 
different properties and chemistry within an isoelectronic group. In 
the four examples (Cp)Mn(CO) 2 (/i-H)Si(F)(Ph) 2 (30), (Cp)Fe(CO) 2 Si- 
(F)(Ph) 2 (31), (Cp)Mn(CO) 2 (/i-H)Si(Cl) 3 (32), and (Cp)Fe(CO) 2 Si(Cl) 3 
(33), compounds 30-31 and 32-33 are isoelectronic pairs based on the 
total number of valence electrons. Compounds 30 and 32 also form a 
related pair with respect to the three-center, two-electron Si—H—Mn 
interactions. 
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a. Structure. Compounds 30 and 31 (or 32 and 33) are formally inter- 
converted by moving a proton from the Fe core to a bridging position on 
the metal-silicon axis. This leads to an apparent shortening of the M—Si 
bond from 2.352 A (Mn—Si) to 2.278 A (Fe—Si) in the 30-31 pair (A 
0.074 A) and from 2.254 to 2.216 A in the 32-33 pair (A 0.038 A). To 
interpret these distances one should take into account the difference in the 
radii of Mn and Fe atoms (77). Since Mn is about 0.04 A larger than Fe, 
the M—Si interaction is unaffected in 32 and 33 but clearly increased (0.035 
A) in going from 31 to 30. Likewise, an increase in the electronegativity of 
the substituents on silicon results in a 0.098 A decrease in the M—Si bond in 
going from 30 to 32 and 0.062 A in going from 31 to 33 (78). The larger 
change in the former pair can be attributed to the position of the H atom 
relative to M—Si, i.e., in 30 it is closer to the silicon than in 32, and one 
expects this to be reflected in a difference in properties like acidity. 

b. Chemical Reactions. In 30 the hydride is closer to the silicon atom 
and, presumably, more covalently bonded. On the other hand, in 32 it is 
closer to the metal atom and more like a metal hydride. Metal hydrides in 
general exhibit considerable Bronsted acidity. Thus, the hydride atom in 
32 is easily abstracted by Me 3 N, but that in 30 is unaffected by this reagent 
(79). 

The isoelectronic group of compounds represented by 30 and 31 react 
differently with nucleophiles. For example, the M—Si bond in 30 is 
cleaved by phosphines while in 31 only CO substitution occurs (80). Incor¬ 
poration of phosphines into 30 has been accomplished only when attached 
to the metal before addition of the silicon fragment. Conversely, 31 under¬ 
goes Fe—Si bond cleavage when treated with electrophiles, such as Cl 2 and 
PC1 5 , whereas hydride bridged complexes 30 remain intact (79). 

Compounds similar to 30, e.g., CpMn(CO) 2 (/a-H)Si(Ph)(l-Np)Cl (1- 
Np = 1-naphthyl), are reduced by hydride reagents, such as NaH and 
LiAlH 4 . Reaction proceeds first by hydride-halogen exchange followed 
by further reduction to yield the anion (CpMn(CO) 2 Si(H)(Ph)(l-Np)] 
containing an intact Mn—Si bond (79). On the other hand, compounds 
similar to 31, e.g., CpFe(CO) 2 (Me)Si(Ph)(l-Np), are cleaved by LiAlH 4 . 


IV 

POLYHAPTO LIGANDS 


Between the simple metal-main group atom interactions discussed 
above and clusters discussed below one finds systems in which the 
main group fragment can be considered a polyhapto ligand. Although the 
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metal-main group interactions are more complex, for molecules with a 
single metal center the metal-ligand interaction is easily distinguished. 
Hence, it constitutes a useful classification. For polyhapto systems with 
more than one metal center, the cluster description found below is often an 
equal or more effective description. For this reason, the multimetal-main 
group systems are discussed in the section on clusters. 

A. Model Compounds 

To introduce this section we illustrate some of the features of the 
bonding of one of the simplest it ligands, ethylene, bound to a transition 
metal fragment. The structure of (OC) 4 FeC 2 H 4 , the exemplar of an 
olefin-metal complex, is shown in Fig. 11 in comparison with the proposed 
structure of [(OC) 4 FeB 2 H 5 ]~ (81,82a,b). The electronic structures of these 
two molecules have been examined in detail as have the photoelectron 
spectra of (OC) 4 FeC 2 H 4 and the closely related CpFe(CO) 2 B 2 H 5 (82a,b). 
Hence, the nuclear charge perturbations are well defined by empirical as 
well as by calculational techniques. 

In Fig. 12, we compare Fenske-Hall MO energies for (OC) 4 FeC 2 H 4 , 
[(OC) 4 FeB 2 H 4 ] 2_ , and [(OC) 4 FeB 2 H 5 ] _ . The first two are related by the 
transfer of two protons away from the dihapto ligand (one from each 
carbon atom). All the energies increase because of the double negative 
charge, and, as should be appreciated from the discussion of the simple 
ligands above, the MO energies of the E 2 H 4 ligand rise relative to the 
metal fragment MOs as E goes from C to B. The primary ligand-to-metal 



Fig. 11. Schematic drawing of the structures of (a) [(OC) 4 FeB 2 H 5 ] (82a,b) and 

(b) (OC) 4 FeC 2 H 4 (81). 
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Fig. 12. Plot of MO energies (Fenske-Hall) of (OC) 4 FeX for X equal to C 2 H„, [B 2 H 4 ] 2 
(hypothetical), and [B 2 H 5 ]“ which are related by proton transfer within the E 2 H„ ligand (the 
4 lowest lying filled MOs and 21 of the unfilled MOs are not shown). Small rectangles or 
squares correspond to a single MO. The larger blocks contain the number of MOs indicated, 
and the energies of the upper and lower edges are defined by the highest and lowest MO 
energies for a particular block. The stippled blocks correspond to the metal “nonbonding" 
MOs, whereas the solid rectangles correspond to the MOs derived from the n MOs of the 
E 2 H 4 ligands for (OC) 4 FeC 2 H 4 and [(OC) 4 FeB 2 H 4 ] 2 and the BHB MO for [(OC) 4 FeB 2 H,] . 

bonding MO (derived from the -jt MO of the free E 2 H 4 ligand and em¬ 
phasized in black in Fig. 12) is now of comparable energy to the metal d 
band. The metal-main group interaction may still be significant because, 
even though ligand donor orbital is more diffuse than for carbon, there is a 
better energy match of the boron and metal AOs. There is a corresponding 
rise in the secondary metal-to-ligand bonding MO (derived from the 7r* 
MO of the free E 2 H 4 ligand) which reduces the net metal-main group 
bonding. Hence, [B 2 H 4 ] 2_ acts more like a pure donor than C 2 H 4 . 

In going from [(OC) 4 FeB 2 H 4 ] 2_ to [(OC) 4 FeB 2 H 5 ]~ one of the protons 
is returned to a bridging position in the E 2 H 4 ligand. All the MOs are 
stabilized because of the reduced negative charge but, as expected from the 
example illustrated in Fig. 2, the MO correlating with the 7r MO of the 
E 2 H 4 ligand is stabilized preferentially since this proton is situated so that it 
would be buried in one of the lobes of the v orbital of the free ligand (see 
Fig. 10). This bridging proton enhances the metal-boron interaction by 
reorienting the p v lobes so that they point more directly at the metal 
center. The two situations are compared in Fig. 13. When E is C the M—C 
bonding density in the ligand-to-metal MO is outside the C 2 Fe triangle, 
whereas when E is B the M—B bonding density is inside the triangle. In 
the latter case this provides compensation for the lack of an interaction 
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corresponding to the metal-to-C 2 H 4 rr* back donation, which is so impor¬ 
tant in the bonding of olefins to metal centers. 

To conclude these preliminary considerations we go to the right of 
carbon and compare N 2 H 2 with C 2 H 4 as potential ligands. As indicated in 
Fig. 14, there are three major differences. First, although both species have 
7 t MOs, that of N 2 H 2 lies at lower energy because of the increase in the 
effective nuclear charge associated with the p AOs. Second, two MOs of 
C 2 H 4 with large CH character have now become “lone pair” (n N ) orbitals. 
Taking a proton from a CH bonding region and placing it in a shielded 
nucleus results in a large destabilization of the corresponding MO. Hence, 
these “lone pair” orbitals lie at higher energy despite the fact that the 
nuclear charge of N is greater than that of C. Indeed the symmetric « N 
combination is now the HOMO. Finally, the LUMO which is the n* MO 


C 2 H 4 n 2 h 2 
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falls in energy. Hence, compared to C 2 H 4 , one expects N 2 H 2 to be a 
poorer i t donor and better it acceptor but to act primarily as a a donor. 

B. Selected Examples 

In the following, three comparisons of isoelectronic systems are pre¬ 
sented. The first consists of a comparison of the isoelectronic ligands 
ethyne (HCCH) and phosphaethyne (HCP) for different transition metals 
and in different states of “aggregation.” The second compares cyclopenta- 
dienyl and pentadienyl complexes, while the third relates complexes of 
benzene and hexaphosphabenzene. Although narrow in terms of breadth 
of compounds, we hope there is sufficient detail in these systems to convey 
some appreciation of the systematic variation possible with isoelectronic 
substitution. 


1. Monoalkyne and Phosphaalkyne Complexes 

Transition metal chemistry with ethyne and substituted ethynes is well 
developed. Although phosphaethyne is difficult to make (flash pyrolysis of 
MePCl 2 at 900-1100°C) and polymerizes above -124°C unless stored 
under reduced pressure, the derivative 2 , 2 -dimethylpropylidyne phos- 
phane, Bu'CP, is much more convenient to use, and the number of its 
transition metal complexes is growing rapidly (83-85). The bonding capa¬ 
bilities of the RCP molecule as a ligand have been discussed based on 
calculational as well as photoelectron spectroscopic results. It appears that 
the HOMO of Bu'CP is the 7 tMO (ionization potential of 9.7 eV) and that 
the cr and v separation is larger than in RCN (see Fig. 7 for a closely 
related example). Hence, 17 2 coordination is favored as will be evident 
from the examples presented below. However, coordination via the cr 
“lone pair” on phosphorus can be forced, e.g., /rani-(DIPHOS ) 2 Mo- 
(Bu'CP ) 2 (84,85). The phosphine ligands on the octahedral Mo are dis¬ 
posed such that the only available sites for the Bu'CP ligands are axial with 
sufficient space to accommodate only the thin end of the ligand. 


a. Early Transition Metal Complexes. In (Cp) 2 M(PMe 3 )(i 7 2 -Bu'CP) 
(34) (M = Ti, Zr) (86) and (Cp) 2 Ti(CO)(r, 2 -PhCCPh) (35) (87), the 
alkynes are bound similarly in a sideways ( 17 2 ) fashion (Fig. 15). X-Ray 
structures reveal a lengthening of the C—C and C—P bonds on coordina¬ 
tion, and the 17 2 ligand, the metal, and the other ligand are nearly coplanar. 
The Cp ligands are situated above and below this plane and bent back at an 
angle of about 134°. 
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38 39 

Fig. 15. Structures of (r} 5 -Cp) 2 Ti(T) 2 -PhCCPh)(CO) (35) (87), (r, 5 -Cp) 2 Zr(C 4 Ph 4 ) (36) 
(92), (rj 5 -Cp) 2 Zr(Bu'CP) 2 (37) (91), (rf-Cp)Co(rf-Bu‘CP) 2 (38) (94,95), and (r, 5 - 
MeCp) 2 Co(C 4 Ph 4 ) (39) (96) as generated from X-ray bond lengths and angles. Compounds 
36 and 37 are isoelectronic with respect to the metal-ligand interaction. Similarly, 38 and 39 
are isoelectronic. 


While very few details have been published about the reactions of 34 
(88,89), compound 35 is an effective hydrogenation catalyst for carbon- 
carbon unsaturated bonds, but is inactive toward N 2 . The coordinated 
alkyne appears to be an important integral part of the catalyst (90). 
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Compound 35 does not form above 30°C when an aromatic solvent is used; 
instead, two alkynes are dimerized to give a titanacyclopentadiene having 
the structure of l,l-bis(i7 5 -cyclopentadienyl)-2,3,4,5-tetraphenylzirconole 
(36) (Fig. 15). It is an important intermediate in alkyne oligomerization 
reactions on transition metal complexes. 

b. Metal Dialkyne Complexes. The complex 34 adds a second mole of 
phosphaalkyne in the same manner as 35 adds another alkyne, but the 
product, a folded l,3-diphosphabicyclo[1.1.0]butane (37), is radically 
different. Compound 37 (Fig. 15) (91) is isoelectronic with 36 (92). The 
characteristic singlet (S -247 ppm) in the 31 P-NMR spectrum eliminates a 
zirconacyclobutadiene structure. The zirconium atom in 37 is tetrahedrally 
coordinated. The metal-carbon a bonds of 2.213 and 2.210 A are about 
0.04 A shorter than what is normal in related Cp 2 Zr complexes (i.e., 2.265 
and 2.250 A for the latter zirconole) (92,93). Also the long Zr—P distances 
(2.906 and 2.909 A) indicate an absence of Zr—P bonds. 

To highlight what one would expect in reactions of the diphosphazirco- 
nole 37, it is instructive to examine the 7j 4 -l,3-diphosphacyclobutadiene 
complex (38) (94,95), whose X-ray structure is compared in Fig. 15 with 
that of the isoelectronic 77 4 -cyclobutadiene complex 39 (96). Compound 38 
is readily obtained from reaction of (Cp)Co(7j 2 -C 2 H 4 ) 2 and 2 equiv of 
Bu'CP. The same reaction with a pure alkyne does not stop at a cyclodimer 
but leads to cyclotrimerization (97). In fact, transition metal-cyclobuta- 
diene complexes normally form only at temperatures above 80°C, presum¬ 
ably from a metallole intermediate, by a double reductive elimination 
process. It is noteworthy how readily this cyclodimerization to complex 38 
takes place with phosphaalkynes. 

The four P—C bonds in the diphosphacyclobutadiene ring of 38 are 
almost equal (1.795 A), and the two carbon and phosphorus atoms are 
2.057 and 2.243 A away from the metal atom (Fig. 15). In addition the 
/er/-butyl groups are bent away from the metal by 4-6°. The 3I P-NMR 
spectrum of 38 shows a singlet at S 38.1 ppm, indicating that the ligand 
remains symmetrical in solution. In contrast, the average C—C bond 
length in 39 is 1.468 A in the square planar cyclobutadiene ring. This ring 
is 1.983 A away from the metal atom, and the phenyl substituents are bent 
slightly away from the cobalt atom (Fig. 15) (96). The bending away of 
substituents from the metal is a common feature of transition metal- 
cyclobutadiene complexes (98-101). 

Like its cyclobutadiene analog 39, the Tj 4 -l,3-diphosphacyclobutadiene 
complex 38 has high thermal stability, is stable to air, and generally has low 
reactivity. Reagents that normally release cyclobutadiene from transition 
metal-cyclobutadiene complexes by oxidative demetallation [i.e., HCN, 
(NH 4 ) 2 Ce(N0 3 ) 6 , and alkali metals] do not react with compound 38. 
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However, an important reaction does take place at the phosphorus atoms 
as each displaces an ethene molecule from (Cp)Co(i 7 2 -C 2 H 4 ) 2 to form a 
trimetal complex. Thus, complexation of the phosphaalkyne via the 7 r 
system does not eliminate the Lewis basicity of the phosphorus “lone 
pairs.” Presumably, the same reaction can be envisaged for the 1,3- 
diphosphabicyclo[1.1.0]butane zirconole (37). The phosphorus atom pro¬ 
vides an additional bonding dimension otherwise not encountered in com¬ 
plexes formed from pure alkynes. 

In addition to 38 and 39, other similar T/ 4 -l,3-diphosphacyclobutadiene 
complexes have been made with iron, rhodium, and iridium (40). Interest¬ 
ing chemistry is observed with rhodium, where two of the molecules 
appear to have dimerized with a metathetical extrusion of di-tert- 
butylacetylene to give a sandwich complex with the two rhodium atoms 
complexing on opposite sides of a twisted 1,2,4,5-tetraphosphacyclo- 
hexatriene ring (40). 

Platinum also coodinates Bu'CP in a sideways manner to give 
(Ph 3 ) 2 Pt(r; 2 -Bu f CP) (40) which has been characterized by X-ray diffraction 
(102). A crystal structure of the analogous alkyne derivative (Ph 3 ) 2 Pt[r; 2 - 
HCC(C 6 H n O)] (41) has been published (103). In both structures, the 
platinum atom exhibits a distorted square planar geometry. The former 
structure has a C—P bond length of 1.672 A (which is 0.128 A longer than 
that of the free Bu'CP), a Pt—P distance of 2.32 A, and a Pt—C length of 
1.973 A; as compared with a C—C bond length of 1.302 A, a Pt—CH 
separation of 2.069 A, and a Pt—C distance of 2.306 A, for the 17 2 - 
coordinated 1-ethynylcyclohexanol in 41. 

The DIPHOS analog of 40 reacts with Fe 2 (CO) 9 in a cluster-building step, 
eliminating three CO molecules to give a bimetallic trinuclear compound 
with the phosphaalkyne 7 r bonding to two Fe(CO) 3 fragments and coordi¬ 
nating to the platinum through its lone pair (104,105). It also reacts with 
[Re 2 H 2 (CO) 8 ], but this time via a carbonyl transfer to the carbon end of 
the CP fragment to give a ketene functionality, while the phosphorus 
end (t bonds to all three metal atoms (40). Compound 40 reacts with 
[Pd(PPh 3 ) 4 ] to give a giant cluster with three Pt and two Pd atoms linked 
together by three phosphaalkynes (105). In contrast, the only reaction 
reported for (Ph 3 P) 2 Pt[77 2 -HCC(C 6 H u O)] is with a second alkyne by dou¬ 
ble oxidative addition of the platinum atom into the terminal C—H bonds. 
The resulting octahedral complex has two axial hydrides and the two 
alkynyl groups situated trans-equatorial in a linear geometry. 

These reactions show how the reactivity of a molecule can be altered 
using the isoelectronic substitution of a CH fragment for a P atom. The 
higher propensity for cluster formation when a CH fragment in a molecule 
is replaced by a group 15 atom is important in the syntheses of labile cluster 
molecules. 
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2. Cyclopentadienyl Sandwich Complexes 

Formal reductive cleavage of the two rings of nickelocene (4H), fol¬ 
lowed by removal of four protons from the nickel atom would yield a 
bis(i 7 5 -pentadienyl)chromium “open chromocene” complex. This trans¬ 
formation could be regarded as a translocation of four protons from the 
nickel core to the cyclopentadienyl ligands. Bis(rj 5 -2,4-dimethylpenta- 
dienyl)chromium (42) is an example of just such a product. Therefore, 
when only the total number of valence electrons is considered (excluding 
the methyl substituents), this compound is isoelectronic with nickelocene. 

Comprehensive reviews on the structures of and bonding in the chro¬ 
mium ( 106,107 ) and nickel compounds (108) above have appeared. In 42, 
the methyl groups and the hydrogen on the central carbon atom are bent 
toward the metal atom while the framework carbon atoms are coplanar 
(109). In addition, the terminal tt bonds are twisted such that the endo 
hydrogens are rotated away and the exo hydrogens toward the Cr atom. 
The average Cr—C bonds are 2.163 A (2.169 A in chromocene), remark¬ 
ably similar to that found in nickelocene (2.164 A) (110). Photoelectron 
spectral data are available for the nickelocene and cobaltacene but not for 
the open chromocene. Cp 2 Ni has the ground-state electronic structure 
(«i g ) 2 » (^g) 4 . and (<? lg ) 2 and is paramagnetic (111,112). 

Nickelocene reacts with a wide variety of reagents and is used as a 
starting material for many other nickel complexes. Bis(rj 5 -2,4-dimethyl- 
pentadienyl)chromium (42) shows some similarities in reactivity. For 
example, reaction with donor ligands such as phosphanes reductively 
removes both cyclopentadienyl ligands in nickelocene to give the tetra- 
substituted Ni(PR 3 ) 4 . Compound 42 reacts similarly with bis(dimethyl- 
phosphino)ethane (dmpe). On the other hand, the molybdenum and 
tungsten congeners react with PEt 3 by coordination of one ligand on the 
intact complex. Other differences do exist. For example, nickelocene is 
dimerized by isonitriles to give [(Cp)Ni] 2 ( ju-CNR) 2 (113,114), but 42 is 
exhaustively substituted to give (CNR) 6 Cr (115). 


3. Triple-Decker Sandwich Complexes 

Until recently, the triple-decker tris(rj 5 -cyclopentadienyl)dinickel cation 
first made by Werner was the only example of this type of complex with all 
three rings composed of only carbon and hydrogen. Then in 1983 Jonas 
and co-workers detailed the novel [(i 7 5 -C 5 H 5 )V] 2 (ju.,T 7 6 -C 6 H 6 ) (43), pre¬ 
pared from reaction of (t 7 5 -C 5 H 5 )V(i 7 3 -C 3 H 5 ) 2 and 1,3-cyclohexadiene 

(116) . A close analog is the triple-decker compound containing a hexa- 
phosphabenzene as the central ligand, i.e., [(Tj 5 -Me 5 C 5 )Mo] 2 ()u.,Tj 6 -P6) (44) 

(117) . 
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The X-ray structures of 43 and 44 reveal three planar-parallel rings with 
the benzene or hexaphosphabenzene ring in the central position (Fig. 16) 
(116,117). In 43 the cyclopentadienyl rings are 1.922 A from the vanadium 
atom, and the benzene ring is 1.702 A from each of the two metal atoms 
(1.254 A for the hexaphosphabenzene in 44). The vanadium-vanadium 
distance of 3.403 A is too long for a metal-metal bond. In 44 the Mo— C 
distances average 2.331 A while the Mo—P average is 2.541 A. This places 
the metal atoms much closer to the central phosphorus ring, and the 
Mo—Mo distance of 2.647 A indicates bonding between the two atoms 
through the middle of the P 6 ring. The P—P bond lengths of 2.17 A are 
about 0.17 A longer than typical P=P double bonds. 

The vanadium triple-decker compound 43 exchanges the benzene ring 
for other substituted benzenes, such as toluene and mesitylene, with re¬ 
tention of structure. It reacts with alkyl halides such as 1,2-dichloroethane 
in THF to give (t 7 5 -C 5 H 5 )V(C 1 )(THF), which is a starting material for the 
preparation of other sandwich compounds such as (i 7 5 -C 5 H 5 )V(i 7 5 -Me 5 C 5 ). 
The triple decker is also oxidized by iodine to give (tj 5 -C 5 H 5 )V(I)(THF). 
No reactions have been reported for the compound containing hexa¬ 
phosphabenzene (44). 

The nickel triple-decker tris(i 7 S -cyclopentadienyl)dinickel cation can 
similarly be compared with [(t 7 5 -Me 5 C 5 )Cr] 2 (/i,i 7 5 -P 5 ) (118) and [( 17 5 - 
C 5 H 5 )Mo] 2 (/i,i 7 4 -As 5 ) (45) (Fig. 16) (U9a-c). Here the central cyclo¬ 
pentadienyl ring is isoelectronic with P 5 and As 5 . The metal-metal 
distances are Cr—Cr = 2.727 and Mo—Mo = 2.764 A, respectively. Like 
the bridging cyclopentadienyl ring, the P 5 ring is a regular pentagon with 
P—P distances of 2.18 A, however, the As 5 ring has two As—As bond 

r> 

o 

43 

Fig. 16. Structures of [(t? 5 -Cp)V] 2 (t, 6 -C 6 H 6 ) (43) (116), [(i} 5 -Cp*)Mo] 2 (7} 6 -P 6 ) (44) 
(117), and [(j} 5 -Cp)Mo] 2 (j/ , -As 5 ) (45) (119a) from X-ray parameters, showing triple-decker 
complexes containing isoelectronic units CH, P, and As. Similar complexes containing boron 
have been prepared by Siebert and colleagues (119b,c). 
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lengths of 2.393 A and three of 2.753 A. Effectively, one As atom has a 
reduced interaction with the metal atoms. Again, variation in the core size 
leads to significant changes in structure and bonding. Presumably, differ¬ 
ences in the reactivity of these compounds also exist. 


V 

CLUSTERS 

With homonuclear clusters we come to systems where an essential aspect 
of the bonding is delocalized. Because of this, the net bonding interactions 
become less easy to visualize than those of simple complexes or even those 
containing polyhapto ligands. Hence, the development of the skeletal 
electron counting rules (often referred to as Wade’s rules) constituted an 
amazingly productive simplification of the problem (120). By dividing the 
total number of valence electrons into those associated with cluster skeletal 
bonding and all others (exo cluster ligand bonding, exo lone pairs, or 
nonbonding electrons), connections between apparently dissimilar species 
become evident (121). In addition, these rules give the experimental chem¬ 
ist a method for the generation of a reasonable cluster structure from an 
empirical molecular formula. Often this permits structural verification 
based on spectroscopic information. More recently, the application of the 
principles of Stone’s tensor surface harmonic theory (122-124) and King’s 
graph theory analysis (125) to the problem has provided additional insight 
into the origin and significance of the electron counting rules. An excellent 
review of cluster theories in general has been presented by Mingos and 
Johnson (126). 

The skeletal electron counting rules are an integral part of cluster 
chemistry, and it is natural to assume that they will be useful in compar¬ 
ing, and ultimately in predicting, properties such as reactivity. However, as 
already indicated above, the electron counting rules separate the valence 
electrons into two types, those involved in skeletal bonding and those that 
are not involved. The ambiguities of this separation prevent any simple 
comparison of the type sought here. Hence, we emphasize how main 
group-metal interactions within a cluster bonding network in strictly 
isoelectronic species are perturbed by varying cluster atom identity. 

First some simple calculational examples are presented to illustrate the 
changes in skeletal bonding as protons are moved about as well as to make 
connections with the electron counting rules. This is followed by a contem¬ 
porary example illustrating how attempts to reconcile differences between 
molecules that are “isoelectronic” only in the sense of the electron count- 
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ing rules can actually confuse the issue of electronic structure. These 
exercises lead to real examples of how properties of isoelectronic main 
group-metal clusters vary in a systematic and understandable fashion. 

A. Model Compounds 

The homonuclear cluster B 6 H 6 2- (Fig. 17a) constitutes the prototypical 
cluster and has been extensively discussed previously (127). As illustrated 
in Fig. 18, in the MO description of the electronic structure of this anion, 
there are 13 filled MOs. According to the electron counting rules, 6 are 
associated with exo cluster BH bonding and 7 are associated with endo 
cluster bonding. Although the proposed separation is analogous to the 77- 
separation in benzene, there is a significant difference. In the case of 
benzene, the separation results from symmetry and there is no mixing 
between <rand 77 systems. In the case of [B 6 H 6 ] 2- , even though it possesses 
very high (O h ) symmetry, the separation of exo and endo cluster MOs is 
not required by symmetry. Only the highest lying filled MOs of f 2g symme¬ 
try (see Fig. 19a) are required to be purely cluster bonding by symmetry. 
The expected t lu and a lg cluster bonding MOs are significantly mixed with 
exo cluster bonding MOs of the same symmetry types. Indeed, in the 
pioneering studies of Hoffmann and Lipscomb (128), the exo-endo separa¬ 
tion was only one of several that were explored. As a cluster is substituted 



a b 

Fig. 17. Schematic drawings of the structures of (a) [B A H 6 ] 2 (striped atoms = B), 1,6- 
C 2 B 4 H 6 (striped atoms = C), 1,6-N 2 B 4 H 4 (hypothetical, striped atoms and attached 
balls = N), 1-NB,H 6 (hypothetical, one striped atom = B, one striped atom = N), 1-PB 5 H 6 
(hypothetical, one striped atom = B, one striped atom = P), 1-SB 5 H 5 (hypothetical, one 
striped atom = B, one striped atom and attached ball = S), and (b) {l,6-[(OC) 3 Fe] 2 B 4 H 4 } 2 ~ 
(hypothetical). 
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Fig. 18. Plot of MO energies (Fenske-Hall) for [B 6 H 6 ] 2 ~, 1,6-C 2 B 4 H 6 , and 1,6-N 2 B 4 H 4 . 
The energies of the MOs of [B 6 H 6 ] 2 “ have all been decreased by 10 eV, and t 2g refers to the 
set of “surface” MOs shown in Fig. 17a, while n N refers to MOs containing the “lone pairs” on 
the nitrogen atoms. 


with groups other than hydrogen or isolobal substitution is carried out, the 
exo-endo MOs become even more mixed. This provides ample scope for 
variation (or violation of the rules) and, consequently, generates “discus¬ 
sions” of exactly how the valence electrons should be divided up. 

For these reasons, we present a brief overview of how heteroatoms 
perturb cluster bonding in strictly isoelectronic systems as well as a com- 



b 

Fig. 19. Sketch of (a) the “t 2g surface” skeletal MOs of [B„H,,] 2 and (b) the lowest lying 
“surface” MO of {1,6-[(OC) 3 Fe] 2 B 4 H 4 } 2 . Arrows represent the vectorial character of the 2 p 
functions on the individual boron atoms. 
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parison of a pair of clusters “isoelectronic” only in terms of the number of 
electrons assigned to cluster bonding. We begin with a borane cage to 
illustrate the changes in cluster bonding MOs as electron-precise atoms, 
e.g., carbon in 1,6-C 2 B 4 H 6 , and electron-rich atoms, e.g., nitrogen in 
1,6-N 2 B 4 H 4 (hypothetical), are added to the cluster skeleton. Note that 
although most of the species investigated quantum chemically have yet to 
be prepared, the heteroatom fragments have been characterized in larger 
borane clusters (129-131). The six-atom closo cage constitutes a more 
transparent model system than the larger clusters. 

Despite the large decrease in energy of all the MOs owing to the loss of 
anionic charge, there are still close similarites between the homo- and 
heteroatom cluster systems. In fact, the differences are exactly those ex¬ 
pected from the considerations presented in earlier sections. For example, 
as shown in Fig. 18, the highest three filled MOs of the carborane remain 
exclusively cluster bonding “surface” orbitals, but the 3-fold degeneracy is 
removed as two now contain carbon character; in other words, two of the 
“surface” MOs (the e g pair) pick up carbon character and are found at 
lower energy while the remaining “surface” MO (b 2g symmetry) remains 
purely boron in character and is found at higher energy (compare Figs. 17a 
and 19). For the nitraborane, the pattern of the “surface” orbitals is the same, 
but the splitting has increased (2.32 to 2.57 eV) as expected in going to the 
nitrogen derivative. The biggest difference results from the conversion of two 
exo-C H MOs to two e*o-N “lone pairs,” one combination of which consti¬ 
tutes the HOMO of the molecule. As 1,6-C 2 B 4 H 6 reacts with Me 3 N to form 
5-Me 3 N-2,4-C 2 B 4 H 6 , a nido- carborane, one might expect 1,6-N 2 B 4 H 4 to 
self-associate in a rather interesting fashion (132). 

By restricting our attention to the “surface” orbitals, we get a clear 
indication of how a set of cluster bonding orbitals are perturbed in an 
isoelectronic series. Keep in mind, however, that even these MOs can be 
made to pick up exo character by attaching substituents having filled MOs 
of 7r symmetry with respect to a radial direction of the cluster. The extent 
of this perturbation has been measured by photoelectron spectroscopy 
(133-135). The large exo-endo interactions in highly halogenated boron 
clusters result in B„C1„ being the observed form rather than [B„C1„] 2- 
(136). 

In going from [B 6 H 6 ] 2 to the hypothetical dianion {l,6-[(OC) 3 - 
Fe] 2 B 4 H 4 } 2_ (Figs. 17 and 20) two BH fragments are replaced with their 
isolobal Fe(CO) 3 equivalents (136). In doing so, more complexity is 
introduced into the MO diagram, i.e., the metal compound possesses 47 
filled MOs versus 13 for [B 6 H 6 ] 2- . Nonetheless, considerable simplifica¬ 
tion is possible if we adopt the approach taken in earlier sections and 
separate the MOs associated primarily with the Fe 3d nonbonding elec¬ 
trons (6) and CO ligands (30) from the rest (see Fig. 20). In terms of the 
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Fig. 20. Plot of MO energies (Fenske-Hall) for IB 6 H 6 ] 2 ' and {l,6-[(OC) 3 Fe] 2 B 4 H 4 } : . 
Small squares correspond to single MOs, whereas for the metallaborane the larger blocks 
correspond to the CO-derived MOs (e.g., see Fig. 4) and the stippled block to the metal 
“nonbonding” MOs. 

skeletal electron counting separation, 4 of the remaining 11 MOs are 
associated with BH bonding and 7 with skeletal bonding. In fact, the 
highest lying filled orbitals constitute analogs of the t 2g “surface” orbitals of 
[B 6 H 6 ] 2 ~, but, just in the case of the carborane and nitraborane, the triple 
degeneracy is removed. Note, however, that the splitting is in the opposite 
direction, i.e., the analog of the b 2g MO in C 2 B 4 H 6 is the one found at 
lower energy. This can be ascribed to the differing energies of the Fe 3 d 
and C 2 p AOs. On the other hand, note that the splitting has been reduced 
(2.32 versus 0.75 eV). Because of the d functions on the cluster atoms the 
higher lying pair of “surface” orbitals contains boron character from all 
four boron atoms, and the lower lying “surface” MO has acquired signi¬ 
ficant Fe 3 d character (126). In the latter case, Fig. 19b shows schematically 
how this takes place. 

This feature of the metal-containing systems is not present in the main 
group only clusters and lets one appreciate how some of the “nonbonding” 
metal d electrons (see the block of six filled MOs in Fig. 20) can become 
involved in cluster bonding. An instructive example, Fe 4 (CO) 12 (PH) 2 , has 
recently appeared (137). This cluster, which has an octahedral M 4 E 2 core, 
is able to accommodate seven or eight skeletal bonding pairs while retain¬ 
ing a closo structure. In essence, a MO analogous to one of the high-lying 
t 2u antibonding surface orbitals of [B 6 H 6 ] 2_ is sufficiently stabilized by 
interactions with the 3d S orbitals of the PH fragments that it lies near the 
center of the HOMO-LUMO gap. Hence, this MO is low enough to be 
filled without causing any major structural change in the cluster core. 
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Fig. 21. Plot of the frontier MO energies (Fenske-Hall) for 1,6-C 2 B 4 H(,, i.e., (CH) 2 , 
1-NB 5 H„, i.e., NH, 1-PB 5 H 6 , i.e., PH, and 1-SB 5 H 5 , i.e., S. The stippled level (n N ) is the 
sulfur “lone pair.” 


Finally, we extend our analysis of models to second row main group 
atoms by comparing energies of frontier orbitals as cluster composition is 
varied. This is done in Fig. 21 for 1,6-C 2 B 4 H 6 , 1*NB 5 H 5 , 1-PB 5 H 5 , and 
I-SB 5 H 4 (structures in Fig. 17a). Again, the differences follow the trends 
established in earlier sections. One nitrogen atom is not as effective as two 
carbon atoms in splitting the “f 2g ” set, and one phosphorus atom is even 
less effective. The higher nuclear charge of S does a better job, but now the 
HOMO is a sulfur “lone pair.” Bare sulfur atoms in a cluster environment 
should be reasonable bases, and, as seen below, this is indeed the case. 

B. Electron Counting: A Case Study 

Having the electron counting rules available, one might conclude that 
new E-M clusters will be easily classified and compared. To demonstrate 
that this is not always true, we present a brief synopsis of a controversy that 
recently surfaced in the literature concerning whether geometry fixes elec¬ 
tron count or electron count geometry. We do not presume to act in 
judgment but do act as observers in this review simply because this tale 
nicely underlines one of our major points, namely, that unambiguous 
comparison, particularly if one is interested in reactivity and other useful 
properties, requires the comparison of isoelectronic compounds. 

Kennedy and Greenwood described n-vertex metallaboranes possess¬ 
ing closed deltahedral structures which differ from the structure of the 
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analogous (“isoelectronic”) n-vertex c/oso-borane anion as isocloso. For 
example, the structure of H(PPh 3 )(Ph 2 PC 6 H 4 )Ir(B 9 H 8 ) exhibits a closed 
deltahedral structure which is not a bicapped square antiprism (138). In 
HRh(PEt 3 ) 2 (C 2 B 7 H 9 ), which exhibits the expected bicapped square anti- 
prismatic structure, a closo count of 10 + 1 = 11 is easily obtained by treating 
the metal fragment as contributing the normal three orbitals and two 
electrons to cluster bonding (139). In order to obtain a cluster count of 11 
for the iridium compound, the metal fragment must contribute four elec¬ 
trons to cluster bonding and can do so by contributing four rather than the 
expected three orbitals to skeletal bonding (140). In essence, they assume 
any 10-atom closed deltahedral structure requires a closo electron count. 

In challenging this view, Baker takes the position that geometry follows 
electron count rather than the reverse, i.e., the iridium metal fragment 
utilizes three orbitals and two electrons in cluster bonding (141). Thus, 
H(PPh 3 )(Ph 2 PC 6 H 4 )lr(B 9 H 8 ) comes up one pair of skeletal bonding 
electrons short of those required for a closo cluster. Hence, Baker would 
describe this type of cluster as hypercloso to emphasize that there are n 
cluster pairs rather than the n + 1 required for a closo system. This is 
rationalized by invoking the capping principle (126). 

Johnson and Mingos (142) have carried out Huckel calculations in an 
attempt to further explore the problem. They noted that when one goes 
from a spherical deltahedron [symmetrical distribution of vertices with the 
same valencies: observed structure of HRh(PEt 3 ) 2 (C 2 B 7 H 9 )] to a polar 
deltahedron [unique vertex of high connectivity on the principal rotational 
axis: observed structure of H(PPh 3 )(Ph 2 PC 6 H 4 )lr(B 9 H K )], Stone’s ten¬ 
sor surface harmonics approach shows that one formerly cluster bonding 
MO becomes nonbonding. Hence, in going from [Bi()H 10 ] 2- to B| 0 H 10 , the 
polar deltahedral structure is favored relative to the spherical deltahedral 
structure (bicapped square antiprism). Because of the relatively high posi¬ 
tive charge at the vertex of high connectivity, Johnson and Mingos con¬ 
clude that the polar deltahedral structure is “resisted” for main group 
atoms but can be “further stabilized by a metal atom at this site.” An 
analysis of Mulliken populations suggests that the metal atom in the polar 
deltahedral structure utilizes only three orbitals in cluster bonding interac¬ 
tions. Hence, these authors come down on the side of Baker’s view. 

However, we might well wonder how the polar deltahedral structure is 
“further stabilized” by placing a metal atom at the vertex of high connec¬ 
tivity. Is it by virtue of the fact that a positive site can be generated at the 
metal with little expenditure of energy? If so, where does the electron 
density come from, a fourth orbital? One might view the situation as 
analogous to the B„C1„ versus [B„C1„] 2 ^ problem with a twist. In the case 
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of the metallaborane, the extra electron density is not coming from exo 
ligands but exo nonbonding filled orbitals based on the metal itself. 

Structural chemists are obsessed with determining the lowest energy 
structure in a given system. For a given set of atoms there are always 
alternative structures, but for classical main group systems these alterna¬ 
tive structures tend to be at much higher energy or even unbonded, e.g., 
the only alternate structure for H 2 is repulsive! For main group atom 
clusters, these alternate structures are energetically much more accessible, 
and for clusters containing transition metals, the existence of facile 
isomeric equilibria is a fact of life (143). Rules such as the electron 
counting rules work best when energy differences are large, i.e., coloring 
the cluster bonding electrons red and the rest of the valence electrons blue 
is relatively easy to do for a small main group atom cluster. However, when 
the energy differences are very small, as they are in transition metal 
clusters, there may well be a significant number of purple electrons in the 
system. Whenever one takes an artificial categorization of valence elec¬ 
trons, even though extremely valuable and useful, and attempts to force 
reality into these preconstructed boxes, discussions such as that between 
Kennedy versus Baker are bound to arise. For close comparisons, it is 
much wiser to stick to strictly isoelectronic species. 

C. Selected Examples of EM 3 Clusters 

Clusters containing a equilateral triangular array of metal fragments 
symmetrically capped with a main group fragment (Fig. 22a) constitute the 
EM cluster systems presently characterized containing the greatest variety 
of E and M atoms. Hence, they provide the best opportunity of illustrating 



Fig. 22. Schematic structures of (a) EM 3 , (b) Co 3 (CO) 9 CMe, and (c) H 3 Fe 3 (CO) 9 CMe. 
Only the oxygen atoms of the CO ligands are shown for clarity. 
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TABLE I 

Examples of ENT, Clusters 


Group 

Compound 

Reference 

13 

HFe 3 (CO) 9 (H 3 BH) 

144 


Co 3 (CO) 9 AI 

145 


Co 3 (CO) 9 Ga 

146 


[Pt 3 (CO) 3 (PCy 3 ) 3 Tl] + 

147 

14 

H 3 Fe,(CO) 9 CR 

148 


Co 3 (CO) 9 SiCo(CO) 4 

149 


Co 3 (CO) 9 GeFe(CO),Cp 

150 

15 

H 2 Fe 3 (CO) 9 NR 

151 


H 2 Fe 3 (CO) 9 PR 

152 


[Fe 3 (CO),„SbFe(CO) 4 r 

153 


H 3 Fe 3 (CO) 9 Bi 

154 

16 

[Fe 3 (CO) 9 Cf- 

155 


H,Os,(CO) 9 S 

156 


FeCo 2 (CO) 9 Se 

157 


FeCo 2 (CO) 9 Te 

157 

17 

[Ru 3 (CO) 9 I]' 

158 


the variation in behavior possible as the identity of both E and M atoms is 
changed. Table I ( 144-158 ) contains a selection of reported clusters orga¬ 
nized according to the group and period of the main group atom. Not all 
known compounds are shown, nor are all those shown fully characterized 
in a structural sense. Table I, however, does give an indication of the 
breadth of possibilities for EM clusters. Generally the clusters have six 
skeletal electron pairs (or a cluster electron count of 48), but there are 
notable exceptions which contain an odd number of electrons (see below). 
The EM 3 cluster system is related isolobally to E 4 cages on the one hand, 
e.g., C 4 R 4 , and to M 4 tetrahedral clusters on the other, e.g., Co 4 (CO) 12 . 
On the main group atom side lie the closely'related E 2 M 2 and E 3 M 
systems. The former could equally well have been chosen as a vehicle for 
the following discussion. Most of the types of behavior discussed below are 
found in EM clusters of various sizes and ratios of E to M. The reader is 
reminded of the reviews in which comparative structural and reaction 
chemistry EM clusters of various types are found (Section I). 


1. Electronic Structure 

As a mutually bonded four-atom array is the smallest entity we consider 
to be a cluster, the EM 3 system constitutes an example of the simplest 
cluster. As it is electron precise (the number of skeletal electron pairs is 
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equal to the number of M-M and E-M edges), it also possesses the 
simplest, if not simple, electronic structure. For these reasons, a number of 
experimental and theoretical studies devoted to developing a detailed 
picture of the nature of the bonding in such clusters have appeared 
{159-163). For example, Fig. 23 presents the results of Fenske-Hall cal¬ 
culations that have been used in conjunction with photoelectron spectra to 
compare the electronic structures of (OC) 9 Co 3 CMe and H 3 Fe 3 (CO) 9 CMe 
(Fig. 22b and c) {164). These two molecules are strictly isoelectronic. 
Using the approach of Section III,B, we can categorize the 64 filled MOs 
of (OC) 9 Co 3 CMe as follows: 45 associated primarily with the CO ligands 
(9 with significant metal character), 12 primarily with the metals (with 3 
having significant capping carbon character), and 7 with the CMe fragment 
(3 with significant metal character). 

In a thought experiment, going from (OC) 9 Co 3 CMe to H 3 Fe(CO) 9 CMe 
requires three well-shielded protons to be moved from the cobalt nuclei to 
bridging positions between the iron atoms formed. The result (Fig. 23) 


A B 



Fig. 23. Eigenvalue spectra for (A) Co 3 (CO) 9 CMe and (B) H 3 Fe 3 (CO) 9 CMe from 
Fenske-Hall calculations (159). 
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closely parallels the changes in the simple molecules discussed in Sections 
III,A and III,B (Figs. 2 and 8), i.e., three MOs of (OC) 9 Co 3 CMe associ¬ 
ated with metal-metal bonding are stabilized by several electron volts in 
energy in going to H 3 Fe 3 (CO) 9 CMe. Also consistent with the considera¬ 
tions of the mixed ligand complex in Fig. 4 or the heteroatom borane cages 
in Fig. 19, the LUMO for the cobalt cluster is lower than that for the iron 
cluster. Hence, even though these clusters are complex bonding systems, 
the perturbations caused by shifting protons in an isoelectronic series 
described earlier for simple molecules and complexes hold true as E and M 
are varied between isoelectronic clusters (165). Thus, as one goes from 
H 3 Fe 3 (CO) 9 CMe to H 2 Fe 3 (CO) 9 NMe, one expects the MOs associated 
with E-M bonding to go to lower energy. On the other hand, in going from 
H 2 Os 3 (CO) 9 CCO to H 3 Os 3 (CO) 9 BCO the analogous E-M bonding MOs 
rise in energy (166). We expect these changes in the electronic structure to 
modulate the chemical behavior of the clusters. 

Before discussing cluster properties, we emphasize that our understand¬ 
ing of the electronic structure of EM 3 systems is not based solely on 
calculations. The results from UV-photoelectron spectroscopic investiga¬ 
tions of (OC) 9 Co 3 CMe and H 3 Fe 3 (CO) 9 CMe clusters in the gas phase 
provide fully independent justification for the connection between the 
M-M bonding MOs of (OC) 9 Co 3 CMe and the M-H-M bonding MOs of 
H 3 Fe 3 (CO) 9 CMe (159,160,167). Likewise, the “experimental quantum 
mechanics” of Dahl and co-workers, in which the effect of increasing or 
decreasing the number of electrons in a cluster on the atom-atom distances 
is used to define the character of the MO accepting or losing electrons, 
constitutes an unambiguous source of information on EM clusters 
(168,169). ESR studies of cluster radicals also provide particularly precise 
information on the MOs lying at the HOMO-LUMO gap. A classic 
example is the single-crystal ESR of Co 3 (CO) 9 S diluted into FeCo 2 (CO) 9 S 
(170). This study demonstrated that the unpaired electron is residing in an 
M-M antibonding MO with predominately metal 3 d character. There is no 
contribution from the S atom and small contributions from the terminal 
ligands. Hence, in the normal 48-electron cluster [FeCo 2 (CO) 9 S] the 
LUMO must be M-M antibonding and associated with the trimetal frag¬ 
ment. This approach has been extended to radical anions, and a variety of 
metal and main group systems including mixed metals have been studied 
(171,172). In the case of mixed metal clusters, the spin density is not 
evenly distributed over the metal centers. Consistent with Fig. 19, the 
LUMO contains a higher percentage of the metal or metals with higher 
nuclear charge; e.g., for [FeCo 2 (CO) 9 S]~ the MO containing the single 
electron has 60% cobalt and 15% iron character. 
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2. EHM and MHM Hydrogens as Sites of Bronsted Acidity 

One of the general properties of EM 3 clusters possessing endo hydrogen 
atoms is the existence of substantial Bronsted acidity. Relatively weak 
bases, amines, or silica gel can remove an M-H-M or E-H-M proton 
from the cluster skeleton. When E is B the E-M edge is generally the 
thermodynamically most stable site for proton location, whereas for ele¬ 
ments to the right of B the M-M edge is usually, but not always, the most 
stable site (6). However, it has been shown that when E is C, kinetically 
controlled protonation (and presumably deprotonation) takes place at an 
E-M edge even though the most stable location of the proton added or lost 
is at an M-M edge (173). These observations are a consequence of three 
facts. Structures with E-H-M interactions are energetically accessible at 
ambient temperatures, there is only a small difference in the acidities of 
E-H-M and M-H-M protons, and the steric demands of the associated 
acid or base restricts attack to the more accessible E-M edge. 

The kinetics of deprotonation have been studied for H 3 Fe 3 (CO) 9 CMe 
and HFe 3 (CO) 9 S(r-Bu) (174,175). In both cases, the reaction is first order 
in the cluster and the amine base. Despite differences in E and the number 
of endo hydrogens, the second-order rate constants for deprotonation by 
small amines are comparable (E = C, £ = 0.33 for NEt 3 ; E = S, 
k = 2.8 M~ l second -1 for n-BuNH 2 ). Steric effects were shown to be im¬ 
portant for both clusters, but this is most dramatically shown in the latter 
study where the rate constant decreases four orders of magnitude in going 
from «-BuNH 2 to 2,2,6,6-tetramethylpiperidine (175). 

The relative acidity appears to increase in the order B<C<N<0. 
HFe 3 (CO) 9 (H 3 BH) survives a silica gel column, but Fe 3 (CO) 9 (CH) 4 does 
not. H 2 Fe 3 (CO) 9 NR is known, but only the anion [Fe 3 (C0) 9 0] 2- has been 
reported (151,155). The high acidity of H 2 Fe 3 (CO) 9 PR has received com¬ 
ment (176). In support of the trend N<0, note that [Fe 4 (CO) 12 N] - 
protonates readily with strong acid but that, thus far, no conditions have 
been found whereby [MnFe 3 (CO) 12 OJ - can be protonated (159,160,177). 
On the other hand, [Fe 3 (CO) 9 S] 2- is known (178), and the ruthenium and 
osmium analogs can be singly and doubly protonated (179,180). Hence, for 
E = S at least, it appears that the acidity decreases as the metal is changed 
from Fe to Os. 


3. E and M Atoms as Sites of Lewis Acidity 

In the EM 3 clusters in Table I, both the E and M atoms are saturated, 
i.e., they individually satisfy the 18- and 8-electron rules, respectively. 
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Hence, disregarding the removal of protons from the cluster framework by 
bases, one might expect attack by Lewis bases to be controlled by ligand 
dissociation. On the contrary, the EM 3 clusters are readily attacked by 
Lewis bases. Although the rate depends on the nature of E and M, 
susceptibility to attack is an intrinsic feature of the electronic structure of a 
cluster. 

The electron might be considered the simplest base, and addition of 
electrons to M 3 E clusters results in radical anions. A variety of E caps (S, 
PR, CR, GeR) and metals (Cr, Fe, Co, Ni, Mo, W) have been studied 
(171). The greatest accessibility to more than one oxidation state is 
observed when E is S, but many more capping atom types remain to be 
explored (e.g., E = B) (81). The ligands on the metal have a significant 
effect on the reduction behavior; for example, CP ligands are much more 
favorable than CO (82). The first reduction occurs over a fairly narrow 
range of potential as one would expect if the HOMO and LUMO have high 
metal d character. Ligand and capping atom influences decrease in the 
order Cp/(CO) 3 > PR/S > CMe/CPh, where the ligand or capping atom 
listed second in each pair makes the reduction easier (171). The effect of 
the change in metal is difficult to discern because the exo ligands on the 
metals are not constant; however, the overall effect of metal change is 
small. 

The reaction of transition metal clusters with more classic Lewis bases 
has been well studied. In the case of EM 3 clusters, addition of another 
ligand results initially in the rupture of an M-M bond and cluster opening 
(Fig. 24) (83,84). Loss of the ligand results in reclosure of the cage. Note, 
however, that there is indirect evidence in the case where E is B or S for 
rupture of an E-M rather than M-M interaction (180,185). In clusters 
with several endo hydrogens, loss of H 2 can occur competitively with L. 
For example, when E is B or C the complete reaction shown in Scheme 1 
takes place. Indeed, when E is C the reaction is reversible such that 
H 3 Fe 3 (CO) 9 CR and HFe 3 (CO) 10 CR can be interconverted by thermal 
activation in the presence of CO and H 2 , respectively (175). Careful 
mechanistic studies have shown that the addition or loss of H 2 to form or 
close the intermediate shown in Scheme 1 constitutes the rate-determining 
step (56). Similar reactivity is exhibited when E is N or P (87). However, 
although thermal activation of H 2 M 3 (CO) 9 NR (M = Fe, Ru) in the pres¬ 
ence of CO results in M 3 (CO) 10 NR, the reverse reaction requires photo¬ 
chemical activation (55). In the case where E is P, chemical methods are 
used to effect the displacement of dihydrogen by a ligand (16,189). 

The open cluster intermediate is susceptible to further attack by Lewis 
bases. If addition of base is competitive with H 2 loss, then degradation of 
the cluster ensues by cleavage of either M or E fragments from the cluster. 
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Scheme 1 . Generalized pathway for interconversion of the clusters Fe 3 (CO) 9 EH 1 R and 
Fe 3 (CO) 10 EH x - 2 R (E = B, jc = 4; E = C, * = 3; and E = N, x = 2). 

For example, in the presence of excess phosphine, [HFe 3 (CO) 9 (H 2 BH)]“ 
cluster cleavage is observed exclusively, whereas with 1 mol equiv or less 
[Fe 3 (CO) 9 (PR 3 )(HBH)]“ is a significant product (190). The reactions of 
H 3 M 3 (CO) 9 CH (M = Fe, Ru, Os) and [HFe 3 (CO) 9 (H 2 BH)]" with excess 
base L are similar but not identical. For the former, CH 4 and stable 
M 3 (CO) 9 L 3 molecules are formed, while for the latter, one of the principal 
pair of products is BH 3 «L and Fe 3 (CO) 9 L 2 _ ( 172,186,191 ). The suscepti¬ 
bility to cluster degradation appears to decrease in the order B > C > P(N). 
For example, the addition of 2 mol of ligand to Fe 3 (CO) 10 PR results in the 
rupture of two M-M bonds. The reaction is reversible, and the addition- 
elimination sequence has been well studied (192). Indeed, Huttner and 
colleagues have emphasized the fact that substitution takes place by re¬ 
versible addition-elimination reactions rather than by a dissociative path¬ 
way by likening the process to breathing: ligands are taken up by the 
cluster with rupture of M-M interactions and “expired” from the cluster 
with the formation of M-M interactions (192). If the ligand released differs 
from that taken up, the net reaction is substitution. 

4. E and M Atoms as Sites of Lewis Basicity 

As detailed in the discussion of Fig. 21, the formal conversion of an E'H 
fragment in a cluster to an E fragment results in a high-lying “lone pair” 
MO that should function as a Lewis base. Perhaps the most striking 
evidence for the basicity of a bare E atom is the spontaneous cyclic 
trimerization of Co 3 (CO) 9 E (E = P, As) to [M 3 (CO) 8 E] 3 (183,193,194). 
In the case where E is As, the trimer can be converted back to the 
monomer with 15-20 atm overpressure of CO. This behavior depends on 
the nature of the metal fragment; for example, Cp 3 Mo 3 (CO) 6 As has been 
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isolated and characterized as a monomer (195). Likewise, the nature of the 
E atom itself is important in that H 2 Ru 3 (CO) 9 S requires heating or pho¬ 
tolysis to effect the same trimerization reaction (196). Corroborative evi¬ 
dence for the basicity of the bare E atom is the existence of compounds, 
such as Co 3 (CO) 9 PMn(CO) 2 Cp and Co 3 (CO) 9 AsCr(CO) 5 , in which the 
EM 3 cluster acts as a normal two-electron donor to the single metal center 
(197). 

For bare group 16 capping atoms, the Lewis basicity has synthetic 
consequences (198). The basicity of the capping atom promotes coupled 
clusters which can then undergo further transformations. For example, in 
Os 3 (CO) 10 S:PtL 2 coordination of the capping sulfur atom to platinium 
provides the initial link that, on loss of CO, leads to the closed cluster 
L 2 PtOs 3 (CO) 9 S, which contains four metal atoms (199). Further, it has 
been suggested that the formation of a bicapped triosmium cluster from 
Os 3 (CO) 10 S proceeds via a coupled intermediate (200). Finally, the cap¬ 
ping oxygen atom in the raft cluster 0s 6 (C0) 19 0 can be removed with 
P(OMe) 3 (201). 

Although the basicity of bare group 15 and 16 capping atoms is not 
surprising, one wonders what circumstances would permit E atoms from 
groups 13 and 14 to behave as Lewis bases. Compounds such as 
[Fe 3 (CO) 10 GeFe(CO) 4 ] 2_ provide no help. The exo Ge—Fe bond might 
be considered as a “lone pair” on Ge being donated to the Fe(CO) 4 acid, 
but it can also be viewed as a lone pair on the [Fe(CO) 4 ] 2 ~ base being 
donated to an acid site on Ge or as a normal covalent bond with one 
electron coming from Ge and one from [Fe(CO) 4 ]“ (202). The fact that 
Co 3 (CO) 9 AsCr(CO) 5 is known suggests that the last explanation is prob¬ 
ably the most appropriate one (203). Efforts aimed at the generation of an 
M 3 E cluster with a bare carbon atom have resulted in the characterization 
of [M 3 (CO) 9 CCO] 2 “ (M = Fe, Ru, Os) in an elegant series of studies by 
Shriver and co-workers (204-207). These compounds have the properties 
of an exposed carbide but the structure of a so-called ketenylidene. When 
M is Fe, reaction with H + and Me + lead to [Fe 3 (CO) 10 CH]~ and 
[Fe 3 (CO)i 0 CMe]“, respectively, i.e., the CO bound to the capping car¬ 
bon reverts to the metal framework and the incoming electrophile is 
attached to the capping carbon atom. This behavior is suppressed in going 
from Fe to Ru and Os as the completely protonated [M 3 (CO) 9 CCO] 2 ~ 
anions have different forms, i.e., HFe 3 (CO) 10 CH and H 2 M 3 (CO) 9 - 
CCO (M = Ru, Os) (204,208-210). 

The isoelectronic boron analog of H 2 Os 3 (CO) 9 CCO, H 3 Os 3 (CO) 9 BCO, 
has been characterized, and there is no tendency for the CO bound to the 
boron atom to migrate to the metal framework (211). In fact, the apically 
bound CO can be displaced by PMe 3 such that the boron atom behaves 
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very much like an electropositive metal center (211). Similar reactivity is 
observed for [FeCo 2 (CO) 9 CCO]“ in that reaction with PMe 3 results in 
displacement of the CO coordinated to the capping carbon atom, yield¬ 
ing [FeCo 2 (CO) 9 CPMe 3 ]“ (212). The latter can be protonated to yield 
HFeCo 2 (CO) 9 CPMe 3 , which can also be formed by the treatment of 
HFeCo 2 (CO) 9 CCO with PMe 3 . Spectroscopic information shows that ini¬ 
tial attack of the phosphine is on a metal center, probably cobalt, and the 
[FeCo 2 (CO) 8 (PMe 3 )CCO]~ intermediate then rearranges to the final pro¬ 
duct. As the LUMO should have more cobalt than iron character (Fig. 23), 
attack of the phosphine at cobalt is reasonable. 

Although the compound has not been crystallographically characterized, 
spectroscopic data suggest that the iron analog of H 3 Os 3 (CO) 9 BCO, 
HFe 3 (CO) 9 (HBH), has a structure related to that of HFe 3 (CO) 10 CH 
(190). Hence, there is a possibility that the trianion would behave analo¬ 
gously to [M 3 (CO) 9 CCO] 2 '. 

The differing behavior of the isoelectronic clusters with bare capping 
atoms is consistent with the general principle discussed above. As one goes 
from group 16 to 13, there will be a tendency for the “lone pair” MO to rise 
in energy. Hence, EM 3 clusters where E is P are better donors than those 
where E is S. In the H 2 M 3 (CO) 9 S or M 3 (CO) 10 S (M = group 18) or 
M 3 (CO) 9 E (M = group 19; E = P, As) clusters, the E atom has a “lone 
pair” and is a heavy contributor to three M-E bonding MOs. With rel¬ 
atively high effective nuclear charges, the S and P atoms can handle the 
buildup of electronic charge. Possibly, when E is C, the form with bare 
carbon, [M 3 (CO) 10 C] 2_ , has too high a buildup of electronic charge on the 
capping carbon, whereas the form in which the capping carbon acts as a 
formal acid, [M 3 (CO) 9 CCO] 2 ~, is more stable since the carbon shares only 
the pair from the CO bound to it. However, the reader will recall (Figs. 2 
and 8) that protonation stabilizes a “lone pair” MO. In the case where M 
is Fe, this stabilization is sufficient to cause rearrangement, whereas 
when M is Ru or Os, it is not. The same arguments apply when E is 
B, but one expects the [M 3 (CO) )0 B] 3_ form (presently unknown) to be 
even less stable. 


5. E and M Atoms as Hydrogen Atom Sources and Sinks 

One of the fascinating aspects of EM clusters is the fact that, depending 
on the natures of M and E, endo hydrogen atoms can associate mainly with 
E or M. For M 3 (CO) 9 EH*R clusters with x endo hydrogen atoms, the 
dependence on E and M is known. When M is Fe, the endo hydrogens are 
found mainly as E-H-M bridges when E is B, and mainly as M-H-M for C 
and N (6). For Ru, there is a greater tendency for M-H-M bridges when E 
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is B but the endo hydrogens are strictly found as M-H-M bridges for C 
and N ( 155,213,215). 

The balance between E-H-M and M-H-M bridges is most precisely 
defined by tautomeric equilibria of the type first described by Calvert 
and Shapley (215) for the noncapped Os 3 (CO) 10 CH 4 . This cluster exists as 
an equilibrium mixture of two forms, i.e., H 2 Os 3 (CO) 10 CH 2 and 
HOs 3 (CO) 10 (HCH 2 ). In the case of the capped EM 3 clusters, when E is 
B and M is Fe, HFe 3 (CO) 9 (H 3 BH) is the only form observed. However, 
when E is B and M is Ru, an equilibrium mixture of two forms, HRu 3 - 
(CO) 9 (H 3 BH) and H 2 Fe 3 (CO) 9 (H 2 BH), is observed (13). Further, when 
E is C, an equilibrium mixture of three forms, H 3 Fe 3 (CO) 9 (CH), H 2 - 
Fe 3 (CO) 9 (HCH), and HFe 3 (CO) 9 (H 2 CH), is observed for Fe, but only 
one form, H 3 Ru 3 (CO) 9 (CH), is observed for Ru (172). The distribution 
can be more finely tuned by appropriate adjustment of the substituent 
on E as well as the metal. For example, the mixed-metal cluster 
FeCo 2 (CO) 9 (CHR) also exists as an equilibrium mixture of two forms, but, 
in contrast to Fe 3 (CO) 9 (CH 4 ), the form with a C-H-M interaction, 
FeCo 2 (CO) 9 (HCR), predominates over the form with a M-H-M interac¬ 
tion, HFeCo 2 (CO) 9 (CR) (76). Hence, by appropriate adjustment of E and 
M, the balance between the equilibrium distribution of endo hydrogens 
between E-M and M-M edges can be varied systematically. 

As noted above (Section V,C,3), a number of examples of the direct 
addition of H 2 to or elimination of H 2 from EM 3 clusters are known. In the 
examples given, the H 2 added became endo hydrogens while the H 2 
formed originated from endo hydrogens. The process is completed by the 
displacement or addition of a two-electron donor such as CO. The substi¬ 
tuent on E can also get involved when it contains hydrogens. When the 
substituent is a simple alkyl group, the reaction is particularly interesting. 
Scheme 2 contains a partial summary of the information on the isoelec- 
tronic N, C, and B systems which differ solely in the number of endo 
hydrogen (155,175,190,217). At the present time, the most detailed in¬ 
formation is known for the N and C clusters, and, although the close 
relationship is obvious, there are interesting and characteristic differences. 
For example, although both H 2 Fe 3 (CO) 9 NCH 2 R and HFe 3 (CO) 9 (H 3 BMe) 
can be deprotonated and the anion reprotonated, the anion 
[H 2 Fe 3 (CO) 9 CMe] _ rapidly loses H 2 to form a vinylidene cluster anion. 
The mechanism for the formation of [H 2 Fe 3 (CO) 9 CMe]“ and its reconver¬ 
sion to [H 2 Fe 3 (CO) 9 CMe]“ has been studied in detail. Labeling studies 
show that the protonation-deprotonation reactions are centered on the 
carbon hydride fragment, while addition and loss of H 2 involve the metal 
sites. Protonation of the latter yields a neutral cluster, HFe 3 (CO) 9 CCH 2 , 
identical to that produced thermally from HFe 3 (CO) 10 CMe and analogous 
to that produced thermally from H 2 Fe 3 (CO) 9 NCH 2 R. Although the boron 
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Scheme 2. Involvement of the R substituent in the conversion of Fe 3 (CO) 9 EH x R and 
Fe 3 (CO) 10 EH,_ 2 R (E = B, * = 4; E = C, x = 3; and E = N, x = 2) to generalized vinylidene 
clusters. 


analog of the vinylidene cluster is unknown for iron, the osmium analog 
has been characterized by Jan and Shore (218). Likewise, there is an 
extensive, known, analogous chemistry of the triosmium alkylidene cluster 
in the literature (219). 


VI 

CONCLUSIONS 

Space does not permit the analysis of other systems related to those 
presented above, and our discussions are merely a sampler of the kinds of 
information available from a comparison of isoelectronic main group- 
metal species. For example, the EM 4 “butterfly” cluster anions 
[Fe 4 (CO) 12 B] 3 ~, [Fe 4 (CO) 12 C] 2- , [Fe 4 (CO) 2 Np, and [MnFe 3 (C0) 12 0] _ 
constitute another set of interesting clusters, and some calculational studies 
have already been reported (220). Indeed, butterfly clusters are the sole 
subject of a recent review (221). As more detailed studies reveal the 
systematic differences in new series of isoelectronic main group-metal 
compounds, we will gain even greater understanding, and ultimately full 
control, of the properties of these interesting materials. 
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I 

INTRODUCTION 

Silicon chemistry is one of the most dynamic areas of science. Silicon 
compounds have become increasingly important in the creation of many 
new materials including polymers, ceramics, glasses, and diverse compo¬ 
sites. The use of silicon reagents in synthesis has also been constantly 
growing. Such reagents are applied in a number of synthetic approaches, 
including synthesis of natural products, models for biological studies, 
bioactive substances, and polymers. Paralleling this is increasing demand 
for basic knowledge of mechanisms of reactions of silicon compounds. A 
better understanding of reaction mechanisms is necessary for designing 
new synthetic routes and new products. Interest in basic knowledge on 
substitution at a silicon atom overruns the boundary of organosilicon 
chemistry since it proves to be very important for the understanding of 
transformations at heavier atom centers (1-6). Silicon occupies an excep¬ 
tional position in the periodic table, being the closest neighbor to carbon 
among the heavier elements. 

Mechanisms for the substitution at silicon in solution have been a subject 
of several reviews (7-75). Since expansion of the coordination number of 
silicon is a common feature, particular interest is directed to mechanisms 
involving intermediates or transition states with silicon having a coordina¬ 
tion number of 5 or 6. So far, little attention has been devoted in the review 
literature to mechanistic pathways that do not invoke extracoordination. 
Knowledge of these mechanisms, however, has often become necessary for 
the understanding of chemical behavior of organosilicon compounds. In 
this article we discuss mechanistic pathways involving heterolytic cleavage 
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of a bond to silicon leading to the transient existence of tri- or tetracoordi- 
nate silicon cations or tricoordinate doubly bonded silicon species. The 
theory surrounding such intermediates in solution has recently drawn the 
attention of many chemists. 


II 

SILYLENIUM ION INTERMEDIATES 

This section is devoted to displacement at the silicon atom involving 
transient formation of a tricoordinate silicon cation, e.g., according to 
Eq. (1). Generation of carbenium ions as intermediates is a common 

R,SiX^R,Sr + X (1) 

R,Si + +Nu R 3 SiNu 

feature of substitution processes at carbon. The role of the silicon analog of 
the carbenium ion has been of interest to many organosilicon chemists (for 
reviews see Refs. 10 and 15). Numerous quantum mechanical calculations 
have pointed to the stability of various trivalent Si + ions, thus giving a solid 
foundation for experimental search. These ions are very common species 
in the gas phase. They comprise a major fraction of the ions formed in mass 
spectroscopy of a variety of organosilicon compounds, and they are often 
detected as intermediates in gas-phase reactions. Tricoordinate Si + ions 
have been postulated as intermediates in solution, and some kinetic and 
chemical evidence of their transient existence has been provided. The 
occurrence of stable long-lived ions of this type in solution is still the 
subject of controversy (16) although some evidence, recognized as signi¬ 
ficant, has recently been provided (17,18). 

There is some divergence in the nomenclature: various names of these 
species are used, including silicenium, siliconium, and silylenium ion. 
According to Barton et al. (19), silylenium ion is the proper name since it is 
derived in a logical way from the name silylene in analogy to the carbenium 
ion originating from carbene. 

A. Theoretical Studies 

Quantum mechanical calculations of silylenium ion structures have been 
made mostly by ab initio methods. Although the results seem to depend to 
some extent on the procedure used, they provide important information 
concerning the structure and reactivity of silylenium ions. 
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The comparative stability of a silylenium ion and the corresponding 
carbenium ion has been evaluated as the energy difference (A E) between 
products and substrates in the isodesmic Eq. (2) (20-22). 

SiH 2 X + + CH 3 X -> CH 2 X + + SiH 3 X (2) 

Calculations revealed that the parent structure of the silylenium ion 
H 3 Si + is more stable than that of H 3 C + by 41-73.5 kcal/mol. However A E 
tends to decrease strongly on replacement of the hydrogen atom, indicat¬ 
ing that substituents, in particular tt donors, are decidedly more effective in 
stabilizing carbenium ions than in stabilizing silylenium ions. Thus, the 
methyl cation is stabilized by an amino substituent by 93.8 kcal/mol but 
the silyl cation by only 38.3 kcal/mol (27). + 

The ab initio calculations also predict a-silylcarbenium ions R 3 SiCR 2 to 
be generally less stable than the isomeric silylenium ions R 2 SiCR 2+ (23-25) 
and the vinyl cation to be less stable than its silicon analog H 2 C=Si H (22). 
Also the /3-silyl substituted carbenium ion H 3 SiCH 2 CH 2 + is higher in 
energy than its silylenium ion isomer H 2 SiCH 2 CH 3 (25). The higher 
thermodynamic stability of the silylenium ion might have been expected 
since silicon is a larger and more electropositive atom than carbon and 
should therefore better accommodate a positive charge. 

Calculations of A E of the isodesmic Eq. (3) were executed to study the 
effect of substituents at silicon atom on the stability of the silylenium ion. 

SiH 2 X + +SiH 4 - SiH," + SiH 3 X (3) 

Only the strongly electron-withdrawing substituents Cl, F (26), CF 3 , and 
CN (22) were found to destabilize the silylenium ion structure. In most 
cases, substitution at silicon increases the stability of H 3 Si + . Strongly 
electropositive groups like BeH or Li have a marked stabilizing effect, but 
the CH 3 group is also stabilizing (27). 7r donors like NH 2 and OH are 
effective stabilizers, too. One of the largest effects is calculated for the 
planar NH 2 group (27). The ethynyl group stabilizes the cation by 
11 kcal/mol (22). According to Truong et al. (27), the vinyl group appears 
to be quite effective in stabilizing a positive charge on the silylenium ion, 
which may be considered as an analog of stable allyl cation. The calculated 
A E value is almost the same for vinyl as for the planar NH 2 group. 

The greatly diminished stabilization of the silylenium compared to the 
carbenium structure by tt substituents is connected with the known low 
effectiveness of 2p-3p (tt) conjugation. Calculations were made on the 
=Si + cation substituted with a phosphorus group with the hope of 
showing a superior 3p-3p (it) conjugation of P—Si + moiety (26,28). A 
smaller inductive destabilization by phosphorus than by electronegative 
substituents of the second period (N, O) was also expected. However, all 
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calculation methods predicted PH 2 to be definitely inferior to NH 2 in 
stabilizing the =Si + ion (26). The reason was that the planarization at 
phosphorus required for effective tt donation was very expensive in terms 
of energy expended in PH 2 SiH 2 + . It was further shown that the introduc¬ 
tion of appropriate substituents at phosphorus may effectively decrease the 
planarization barrier (28). For example, [(CH 3 Si) 2 P] 3 Si + is among the 
most stable silylenium ions yet evaluated. 

Optimization of geometry for some silylenium cations was made (22,24). 
Such calculations predict that silylenium ions will adopt a planar structure 
in contrast to silyl anions, which are predicted to be pyramidal. It should 
be noted that theoretical studies also indicate a high ability of silicon to 
accommodate negative charge. The parent silyl anion H 3 Sr was calculated 
to be more stable than its carbon analog by about 50 kcal/mol (24). This 
implies a remarkable affinity of silylenium ions toward electron-rich spe¬ 
cies. 

B. Silylenium Ions in the Gas Phase 

Silylenium ions are common in gas-phase organosilicon chemistry, 
where they may be generated by various techniques including electron 
impact (29-33), photoionization (34-36), chemical ionization (37-45), 
collision-induced dissociation (25,46), and chemical-nuclear methods (15). 
Although this article is concerned with reactions in solution, a short 
account of gas-phase studies cannot be omitted, since they provide impor¬ 
tant information about chemical and physical properties of silylenium ions, 
which are so elusive in condensed phases. 

Various mass spectroscopic techniques have been used. Fragmentation 
of organosilicon compounds under electron impact in a conventional mass 
spectrometer provides variety of silylenium ions. Intensities of peaks of the 
=Si + ions exceed those of corresponding carbenium ions formed under 
analogous conditions by 1-2 orders of magnitude, giving an ample evi¬ 
dence of lower energies of formation of these ions (15). Advanced mass 
spectroscopic methods including ion cyclotron resonance (ICR), Fourier 
transform (FT), and tandem mass spectrometries have been widely applied 
for the generation and study of silylenium ions (for review, see Ref. 42). 


1. Generation of Silylenium Ions in the Gas Phase 

Electron-impact ionization of trimethylchlorosilane in an ICR mass 
spectrometer resulted in the formation of the trimethylsilyl cation, which 
could be detected for as long as a 800mseconds (3J). On collision it 
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underwent further transformation to 1,1-dimethylsilaethylene with proton 
elimination [Eq. (4)]. 

(CH 3 ) 3 SiCl - L -' Me,Si + + e~ +CI" -5-» 

BH" + Me 2 Si=CH 2 (4) 

ICR mass spectrometry has been employed to study the kinetics and 
equilibria of the generation of silylenium ions by hydride transfer from 
silanes to carbenium ions (43,47). The kinetics of the formation of 
silylenium ions from fluoromethylsilanes [(CH 3 )„SiF 4 _ n , n = 1-3] have 
also been investigated by this technique (48). Fluoride transfer was the 
dominant reaction in this system. 

The extensive chemical ionization mass spectrometry studies of volatile 
silanes by Lampe and co-workers were comprehensively reviewed (42). 
They used tandem mass spectrometers, permitting investigation of the 
ion-molecule reactions over a broad range of collisional energies and 
pressures (37,39,42). Some selected kinetic and thermochemical results of 
studies of reactions of alkylium ions with series of silanes Me n SiH 4 _„ 
(38,40) and Et„SiH 4 _„ (39,40) (n = 1-4) are presented in Table I. Domi¬ 
nant reactions were hydride transfer, methide (ethide) transfer, and elec¬ 
tron transfer. The contribution from each process depended appreciably 
on the structure of reactants. All simple reactions of the above type leading 
to the silylenium ions are strongly exothermic, reflecting the high stability 
of the silylenium ions. 

Kinetic studies of silylenium ion formation by the fragmentation of a 
metastable parent ion produced by photoionization [Eq. (5)] have been 

Me 3 SiSiMe 3 Me 6 Si 2 + — Me,Si" + Me,Si (5) 

performed (36). The special technique of photoelectron-photoion coinci¬ 
dence (PEPICO) used for this purpose makes possible the preparation of 
parent ions of well-defined internal energy. 

Silylenium ions are also produced as a result of combined chemical- 
nuclear decomposition of tritiosilanes [Eq. (6)] (15). An analogous method 

R 4 -„SiT„ — R 4 „Si + T„, + He 0 (6) 

has been used for the generation of carbenium ions (49). This method 
permits generation of the =Si + species in the gas phase at higher pressures 
as well as in liquids and solids. The ions emerge in a free state, i.e., without 
a counterion or solvation shell. 



TABLE I 

Kinetic and Thermochemical Data of Selected Gas-Phase Reactions of 
Trialkylsilanes with Carbenium Ions 


Reaction 

A H 

(kcal/mol) 

Relative cross 
section (A 2 ) 

lO 9 * 

(cm 3 /second) 

Reference 

CH 3 * + (CH 3 ) 3 SiH—* (CH 3 ) 3 Si + + CH 4 

-88 

30 

1.1 

38 

- (CH 3 ) 2 HSP + C 2 H 6 

-64 

66 

2.4 

38 

— (CH 3 ) 3 Si’—H* + CH 3 - 

1 

14.8 

— 

38 

C 2 H 5 * + (CH 3 ) 3 SiH—* (CH 3 ) 3 SP + Q,H 6 

-49 

22 

0.57 

42 

-»(CH 3 ) 2 HSP + C 3 H 8 

-27 

91 

2 

42 

(CH 3 ) 2 CH* + (CH 3 ) 3 SiH—► (CH 3 ) 3 SP + C 3 H 8 

-27 

36.0 

— 

42 

— (CH 3 ) 2 HSP + i-C 4 H 10 

-7.0 

10.0 

— 

42 

CH 3 " + (C 2 H 5 ) 3 SiH—* (C 2 H 5 ) 3 SP + CH 4 

-90.0 

3.9 

0.14 

39 

—* (C 2 H 5 ) 2 HSi* + C 3 H 8 

— 

74.0 

2.7 

39 

-»(Q.H 5 ) 2 Si'—H* + CHj* 

-8 

35.0 

1.3 

39 
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2. Gas-Phase Reactions of Silylenium Ions 

Mass spectroscopy has been often used to study the chemical behavior of 
silylenium ions. Intramolecular rearrangement with elimination of a neut¬ 
ral molecule has often been observed (e.g., Ref. 50 and references cited 
therein). For example, l-phenyl-2-trimethylsilylethane transforms into the 
more stable phenyldimethylsilylenium ion [Eq. (7)] (51). Intermolecular 
rearrangements may occur as well (52). 



Silylenium ions are very reactive toward many organic and inorganic 
compounds. They readily form various addition complexes with com¬ 
pounds having nucleophilic centers like amines, ketones, alcohols, olefins, 
and aromatic rings (45,53-58). Long-lived complexes can be observed in 
chemical ionization mass spectra taken at relatively high pressures, i.e., 
1(T 3 -1 Torr, and low collision energies. Reactions of SiH 3 + with some 
unsaturated or aromatic compounds lead to adducts with lifetimes exceed¬ 
ing 1CT 5 second (45,53,54). The complex with benzene decomposes to give 
the phenylsilylenium ion as the major product. Study of the fully deuter- 
ated silylenium ion showed that no exchange of hydrogen occurs between 
silicon and carbon [Eq. (8)]. Thus, the reaction most probably proceeds 


SiD, + + 





( 8 ) 


through a complex analogous to that formed in the classical electrophilic 
aromatic substitution with a carbenium ion in solution. The SiH 3 + ion- 
ethylene complex may add one or two additional ethylene molecules. Most 
probably, these adducts have the ultimate form of alkylsilylenium ions: 
(C 2 H 5 )H 2 Si + , (C 2 H 5 ) 2 HSi + , (C 2 H 5 ) 3 Si + (53). 

Kinetics of the reactions of Me 3 Si + with water (57) and alcohol (31,32) 
were investigated by ICR mass spectrometry. Proposed mechanisms in¬ 
volve formation of an oxonium ion as the primary product, which in the 
case of the methanol adduct is eventually decomposed to methoxy- 
silylenium ion according to Eq. (9). Reactions of halide transfer to 
silylenium ion [Eqs. (10) and (11)] have been studied by FT mass spec¬ 
trometry (59) and by tandem mass spectrometry (44). Hydride transfer 
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from silanes and alkanes to silylenium centers has also been investigated 
using both ICR (47,60) and tandem (30,42) mass spectroscopy. 


• Me,Si—O—Me - 

"I I 

Me H 


« [Me 2 SiOMe «-* Me 2 Si=OMe] (9) 


F 3 Si + + CHC1, — CHC1 2 + + SiF 3 Cl (59) (10) 

H 3 Si + +CF 4 - F 3 C + + SiH 3 F (44) (11) 

It should be noted that conditions for the generation and reactions of 
silylenium ions in the gas phase are somewhat different from those in 
solution. Energies of collision leading to chemical transformations are 
often much larger than in solution where colliding molecules have thermal 
energy showing the Boltzmann distribution. Unless the pressure is high 
enough, intermediates formed in the gas phase are not able to transmit the 
excess energy to surrounding molecules. Thus, the kinetic parameters and 
mechanisms of reactions determined depend on the techniques and condi¬ 
tions used. Reactions in the gas phase must therefore be compared with 
those in solution with caution. Nevertheless, experiments in the gas phase 
have provided a great deal of evidence for the high stability of isolated 
silylenium ion species and their ability to react with nucleophilic reagents. 
In particular, similarities in behavior to carbenium ions were disclosed. 

Gas-phase methods also constitute a source of important information on 
basic physical properties of silylenium ions. In particular, the thermochem¬ 
ical behavior is well characterized (30,33,34,47,61). Thermochemical 
data are applied for the evaluation of relative thermodynamic reactivities 
of silylenium ions in some systems. For example, affinities of R 3 Si + and 
R 3 C + toward various bases may be compared as the heterolytic dissocia¬ 
tion energies of corresponding bonds [Eq. (12)] (47,61). It was shown that 

D(R 3 M + —X“) = A// f (R 3 M + ) +A// f (X~) - A// f °(R 3 MX) 

A// f = heat of formation; M = Si, C (12) 

the respective hydride affinities of SiMe 3 + , SiMe 2 H + , and SiMeH 2 + are 
220.5, 230.1, and 245.9 kcal/mol. These ions are more stable (with H“ as a 
reference base) than their carbenium analogs by 13.1, 21.4, and 
24.6 kcal/mol, respectively (47). On the other hand, the Me 3 C + ion is 
much more stable than its silicon analog toward F“. The calculated fluoride 
affinity is 37.5 kcal/mol higher for Me 3 Si + (61). 


C. Search for Stable Silylenium Ions in Solution 

Organosilicon chemists have long searched for a solution system in 
which silylenium ions are stable. Analogy to the carbenium ion has been a 
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general strategy of studies aiming in this direction. It is usually assumed 
that silicon analogs of stable carbenium ions should also exhibit relative 
stability in solutions; however, many early attempts were unsuccessful. It 
was found that Ph 3 SiCl does not ionize in S0 2 , DMF, or nitrobenzene- 
AlBr 3 (62), although the carbon analog is well known to be ionic in these 
systems. Also (p-Me 2 NPh) 3 SiCl (63) and silyl perchlorates (64,65) were 
initially found to be covalent. Similarly, ionization of Ph 3 SiOH in liquid 
HC1 (66) or (p-NMe 2 Ph) 3 SiOH in acidic systems (67) were not found. The 
application of superacids for the generation of the =Si + ion also failed 
(68-70). All these and other unsuccessful attempts up to 1973 were com¬ 
prehensively reviewed by Corriu and Henner (10). 

Two reactions were explored in continuation of these attempts: hydride 
transfer from silanes to a carbenium center and halide transfer from sil¬ 
anes to a Lewis acid. Media of low nucleophilicity and high ionization 
power were employed. Stable silylenium ions A and B were postulated to 
be formed by H - transfer from corresponding silyl hydride to triphenyl- 
methylium perchlorate in CH 2 C1 2 (71,72). However, soon after, and in 
view of results of additional experiments, this evidence was shown to be 
insufficient (19,73). 



Further attempts were made by Lambert and Schulz (17), who claimed 
to be able to generate stable silylenium ions as a result of H _ transfer 
under conditions similar to those used elsewhere (71,72). Trisopropylmer- 
captosilyl hydride was used as the precursor [Eq. (13)]. Maximization of 


(/-PrS) 3 SiH + Ph 3 C + Cl(V - Ph 3 CH + (i-PrS) 3 Si + C10 4 - (13) 

positive charge stabilization through polarization and 3p-3p overlap was 
expected. The most important supporting evidence for the silylenium ion 
was as follows: (1) The hydride transfer products in dilute methylene 
chloride solution showed a high specific conductance comparable to that of 
fully ionic species such as trityl perchlorate. (2) Cryoscopically determined 
molecular weights corresponded well to dissociated species. (3) *H- and 
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13 C-NMR spectra were in accord with the formation of only one silicon- 
containing species having only one type of isopropyl group. According to 
the authors, the isomeric sulfonium ion structure and the dimer structure 
can be eliminated with a high degree of confidence. (4) Treatment of the 
product with diisobutylaluminum hydride led only to the recovered silane 
precursor. 

Later Lambert et al. reconsidered the nature of triphenylsilyl perchlorate 
(18,74,75) and trimethylsilyl perchlorate (76) produced in an analogous 
way. These authors postulated full ionization and dissociation of these 
species in acetonitrile and sulfolane solutions, as evidenced by a high 
molar conductance in these solvents (for Ph 3 SiCI0 4 , 179.5 and 12.0 mho 
cm 2 /mol in acetonitrile and sulfolane 1 , respectively) and the i factor of 2 
from cryoscopically measured molecular weight. According to these au¬ 
thors, the silyl perchlorates are also ionized in methylene chloride solution 
but appear as a strong ion pair, which leads to a low molar conductance for 
Ph 3 SiC10 4 (1.13 mho cm 2 /mol). This statement is at variance with the 
earlier view concerning the nature of triphenylsilyl perchlorate, which has 
been generally considered as a covalent species (63-65,77). 

Lambert et al. (18,75) consider that the observation of a 13 C chemical 
shift of the ipso-aromatic carbon in Ph 3 SiCI0 4 eliminates the possibility of 
coordination of the solvent molecule to the silylenium ion. The value of 
this shift is almost the same in CH 3 CN (128.73 ppm) as in CH 2 C1 2 
(128.70 ppm), and addition of sulfolane has no effect. On the other hand, 
addition of the stronger nucleophiles pyridine or imidazole, known to 
coordinate easily to the =Si + center (78), shifted the signal in CH 2 C1 2 
about 3 ppm downfield. Another test was provided by studies of the 
15 N-NMR spectra. The coordination of the nitrile group to the =Si + 
center is expected to move the 1S N resonance about 100 ppm upfield. 
However, the additional shift observed after introduction of 1 mol equiv of 
CH 3 CN to the solution of triphenylsilyl perchlorate in CD 2 C1 2 (concentra¬ 
tions not quoted) was only about 1% of this value (18,74). In contrast, the 
introduction of an equivalent amount of pyridine shifted the signal by 
almost 100 ppm upfield. 

The 35 C1-NMR resonance may be an important tool for the differentiation 
of ionic and covalent forms (16,18). 3S C1 is a quadrupolar nucleus having 
nuclear spin 3/2 and natural abundance 75.5%. The perchlorate anion has 
spherical symmetry, leading to a sharp line with half-width less than 20 Hz 
(79). In contrast, the 35 C1 signal of covalently bonded unsymmetrical 
perchlorate is very broad. Lambert et al. observed that the 35 C1 resonance 
of triphenylsilyl perchlorate in sulfolane at 0.002 mol/dm 3 gave a signal 


1 The relatively low molar conductance is associated with the high viscosity of this solvent. 
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at 4.5 ppm (from external standard HC10 4 —H 2 0) with a half-width of 
18 Hz, which they attributed to silylenium perchlorate (18,74). On raising 
the concentration, the signal broadened and moved to higher field, which 
was interpreted in terms of a dynamic equilibrium with the ion pair or 
covalent form of the perchlorate. 

Lambert’s interpretation in terms of the ionic nature of the silyl perchlo¬ 
rate species in solution met criticism (16,80). The main objections are as 
follows. (1) 29 Si-NMR spectroscopy has not shown any signal whatsoever 
which could be attributed to the silylenium ion. Olah and Field (81) found 
that a correlation exists between the 29 Si chemical shift of organosilicon 
compounds and the 13 C chemical shift of their carbon analogs. This cor¬ 
relation, which was demonstrated for 35 silicon compounds, allows for 
prediction of 8 29 Si values for these silicon compounds for which 13 C 
chemical shifts of their carbon analogs are known. Corresponding values 
for the Me 3 Si + and Ph 3 Si + ions are expected to lie within the ranges 
225-275 and 100-150 ppm, respectively. Values observed for Me 3 Si0C10 3 
and Ph 3 Si0C10 3 [46 (76) and 2.0 ppm (75), respectively], are within the 
range predicted for a covalent form of these compounds (80). (2) 'H- and 
13 C-NMR data obtained by Lambert are not diagnostic of a differentiation 
of the ionic structure from a covalent one (16). (3) X-Ray crystallographic 
study indicated that in the solid state triphenylsilyl perchlorate showed a 
covalent nature (16). (4) Studies of the 35 C1-NMR spectrum of Ph 3 SiC10 4 
proved that at the concentration level 10" 1 M there is no sharp 35 C1 signal 
expected for C10 4 “. Such a signal is observed at a concentration level 
about 10~ 3 M. However, it is not reliable as diagnostic for the =Si + ion 
since the water concentration in the system may exceed the concentration 
of silyl perchlorate, causing its hydrolysis (16). It should be noted that 
Olah and colleagues (16) do not exclude the possibility that in highly 
diluted solutions at sufficiently high dielectric constant and low nucleo- 
philicity the covalent silyl perchlorates would undergo ionization to the 
silylenium ion. 

The other approach in attempts to synthesize stable long-lived silylenium 
ions explored the reaction of Lewis acids with silyl halides. The reaction of 
tris(trimethylamino)silyl chloride and fluoride with A1C1 3 was carried out 
in an effort to prepare the (Me 2 N) 3 Si + ion (82). Three amine groups 
substituted to silicon were expected to stabilize strongly the positive charge 
on the silicon atom. The attempt, however, was futile as only a donor- 
acceptor complex involving one of the Me 2 N groups was formed. 

The reaction of lithium salts of fert-butylaminodiorganylfluorosilanes 
with A1C1 3 was shown to lead to silicon ylides [Eq. (14)] (83). The partial 
zwitterionic character of these species was deduced from 29 Si- and 27 A1- 
NMR data. 
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K 

-U' 


CMe, 

R W N \ 

„/ Si \ / A1 


R, R' = r-Bu, /-Bu or r-Bu, Ph 


Olah and Field (81) showed that the interaction of Lewis acids, such as 
BI 3 , BBr 3 , TaBr 5 , AlBr 3 , and A1C1 3 , with trimethylsilyl halides in weakly 
nucleophilic solvents, methylene bromide, chloride, and iodide as well 
as CS 2 and PBr 3 leads to strongly polarized donor-acceptor complexes, 
but no free silylenium ions were observed. The largest deshielding of the 
silicon nucleus ]S( 29 Si) 62.7 ppm] was observed for Me^Si^--- 
Br--> s ~ AlBr 3 . The line width of the 27 A1-NMR resonance was reduced 
from 1250 Hz for AlBr 3 in CH 2 Br 2 to 950 Hz in the complex, while 
tetrahedral AlBr 4 ~ in CH 2 Br 2 has a line width of only about 20 Hz. Com¬ 
plex formation is accompanied by ligand exchange at the metal center. 
The reaction of trialkylsilyl trifluoromethanesulfonate with BC1 3 and BBr 3 
also leads to polarized donor-acceptor complexes, giving rise to consider¬ 
able deshielding of the 29 Si-NMR shift and marked sharpening of 27 Al- 
NMR resonance (80). 

To briefly summarize, it should be pointed out that, although Lambert’s 
results are generally considered to be interesting and significant, there is 
still controversy about the true silylenium nature of the conducting species 
involved in the systems (16). Further studies are welcome. In particular, 
the divergence between expected and experimental values of 29 Si chemical 
shifts should be explained. Additionally, criticism concerning possible 
perturbations of some experiments by fortuitous water cannot be ignored. 

In light of the great affinity of silylenium ions for electron-rich species, 
one could be also skeptical about the possibility of the existence of the 
tricoordinate Si + species in solvents like acetonitrile (AN) and sulfolane. 
These solvents are known to have nucleophilic coordination ability. Gut- 
mann’s donicity number (84), 14.1 and 14.8 for AN and sulfolane, respec¬ 
tively, is comparable to that for acetone, 17.0. Coordination of acetonitrile 
to silicon has been considered in some systems (85,86). The small equiva¬ 
lent conductance of triphenylsilyl perchlorate in CH 2 C1 2 may be explained 
by the domination of the covalent form (18). Consequently, the absence of 
the coordination of acetonitrile and sulfolane with the tricoordinate Si + 
observed in CH 2 C1 2 (with 1 or 6 equiv of acetonitrile) may simply indicate 
that C10 4 “ coordinates to Si + under these conditions more readily than 
acetonitrile and sulfolane [Eq. (15)]. The reverse situation in acetonitrile 


R,SiOC10 4 + CH 3 CN ^ (R 1 Si-CH,CN) + +C10 4 - 


(15) 
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[equilibrium (15) lies to the right] or sulfolane should not be a surprise as 
these solvents show considerably higher ionizing power (dielectric constant 
38 and 42.0, respectively) and are present in higher concentrations. 


D. Silylenium Ions as Intermediates in 
Reactions at the Silicon Center 

1. Hydride Transfer 

Hydride transfer from silicon to a carbenium center has also been 
explored as the main object of studies aiming to detect a silylenium ion 
intermediate. This reaction constitutes a part of many reduction processes 
with silyl hydride reagents, which are often utilized in organic chemistry 
(87-89). Early investigations were performed in systems containing fairly 
strong nucleophiles like Cl - counterion or acetic acid solvent which were 
conducive to a one-step concerted hydride transfer. Corey and West (90) 
studied the reaction of triorganosilyl hydrides with trityl chloride in ben¬ 
zene and also in more polar solvents such as a nitromethane. They sug¬ 
gested that the hydride halide exchange proceeds through a four-center 
transition state in which nucleophilic attack by the chloride of the ion pair 
on silicon occurs while hydride is being transferred. 

R,Si-H 

Cl-CPh, 

Such an explanation has received support from the observation that the 
reaction of trityl chloride with (+)-a-naphthylphenylmethylsilane in ben¬ 
zene leads to complete retention of configuration at the silicon atom (91). 

The kinetics of the reaction of various silyl hydrides with tris(2,6- 
dimethoxyphenyl)methyl cation and some other stable carbocations in 
acetic acid have been systematically investigated by Carey and Wang-Hsu 
(92). The results were interpreted in terms of a four-center transition 
state involving a trigonal bipyramid at silicon with nucleophilic participa¬ 
tion of the solvent. 



H—6-R + 

I 

Ac 
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The reaction shows a negative value of Hammett’s p coefficient (-1.84) 
for the series 


Me 2 SiH 

Sommer and Bauman investigated the reaction of optically active a- 
naphthylphenylmethylsilyl hydride with trityl chloride and found that the 
stereochemical course was retention in benzene solution, inversion in 
methylene chloride, and full racemization in methylene chloride (93). The 
result in CH 2 C1 2 was explained as consistent with an exchange in which 
electrophilic attack on the silicon hydride by a triphenyl cation is of 
primary importance; however, the counterion appears in the transition 
state [Eq. (16)]. Racemization of the unreacted R 3 SiH could arise from 

Ph,CX Ph,C + X 

X- x ( 16 ) 

Ph,C + X +R,SiH [R,Si 6+ —H-—CPh,] -* R 3 Si + + Ph 3 CH 

partial breaking of the Si—H bond and rotation of the R 3 Si moiety 
followed by return of the hydride. 2 

The first kinetic evidence of the stepwise course of hydride transfer 
involving a silicocation intermediate was provided in 1977 (94). Kinetic 
studies of reaction (17) were performed in methylene chloride with exclu- 

Ph,C + SbF„ + R,SiH — Ph 3 CH + R,SiF (17) 

sion of any nucleophile that could be stronger than the solvent. Free ion 
and ion pair concentrations were controlled since the equilibrium constant 
of ion pair formation had been determined (95). Fortuitous water and 
other common nucleophiles were excluded by high vacuum experiments. It 
was shown that the final product, i.e., R 3 SiF, appears with a considerable 
delay with regard to the Ph 3 C + conversion. The rate of the Ph 3 C + con¬ 
version is the same for free ions and ion pairs, which is equivalent to 
the kinetic Eq. (18) also being valid in the range of exclusive free ion 
existence. 

<f(Ph£_H) = -d(Ph 3 C+) = -d(R 3 SiH) = , (ph ^)( Ri si H ) (18) 
dt dt dt 

The above results indicate that the counterion does not participate in the 
transition state, which contradicts the synchronous mechanism. This con- 


2 According to localized orbital theories of the chemical bond, during the rotation the 
system must pass through a structure with no overlap between p(Si) and s(H) orbitals. 
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TABLE II 

Rate Constants for Hydride Transfer of Et,SiH 
with Various Carbenium Salts 




k 

Carbenium ion 

Anion 

(dm 3 /mol second) 

Ph,C + 

SbF 6 

139" 


AsF 6 

120" 


pf 6 ~ 

117“ 


bf 4 

110" 


SbCl„- 

120" 


FeCI 4 

120" 

o 

cio 4 

SbF<r 

pf 6 

146'’ 

0.046“ 

0.037" 


bf 4 

0.031“ 


cio 4 - 

0.052'’ 


"From Chojnowski el al. (96). 

h From W. Fortuniak, Ph.D. thesis. Center of Molecular 
and Macromolecular Studies, The Polish Academy of Sci¬ 
ences, L6di, Poland, 1989. 

elusion was confirmed (96) by the observation that the rate is independent 
of the structure of various counterions (Table II). Moreover, the reaction 
is not sensitive to steric effects unless a strongly sterically hindered sub¬ 
strate is considered (such at f-Bu 3 SiH, for which the reaction is very slow). 
Also, it shows a Taft’s p* value of approximately -3.5 and k H /k D values 
for PhMe 2 SiL (L = H, D) with Ph 3 C + and C 7 H 7 + (tropylium) of 1.49 and 
1.45, respectively. 

An important argument against any S N 2 mechanism in the process is the 
observation that hydride transfer from a silicon atom in a strained ring 
(&! 1.63 x 10 2 at 25°C) proceeds at approximately the same rate as the 
transfer from its acyclic analog (& ( 1.64 x 10 2 at 25°C) under the same 
conditions. 



'I 

— Si—H 

I 


The S n 2 substitutions are faster for the cyclic system by a factor of several 
orders of magnitude (97-99) as there is a considerable release of ring strain 
on going to a trigonal bipyramid structure. 

The mechanism postulated involves formal hydride transfer lead¬ 
ing to the formation of a silylenium ion intermediate [Eq. (19)]. It 
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is suggested 


R,Si + (solv) + SbF h 


R,Si * (solv) + Ph,CH 



unspecified products 


(19) 


that the solvation of this ion with CH 2 C1 2 may influence its character. A 
further step is formation of the neutral complex with the counterion which 
decomposes to the product. On the other hand, formation of a silylenium 
ion in a one-step hydride transfer process seems improbable in light 
of the rather high energy of heterolytic cleavage of the Si—H bond 
[220.5 kcal/mol for Me 3 SiH ( 47 )\, and it is not compatible with the small 
values of energy of activation observed (5-7 kcal/mol). Certain features 
of the reaction seem to be best rationalized on the basis of the single 
electron transfer (SET) mechanism [Eq. (20)] (96). The rate-limiting step 

R,SiH+*Cs = [R,SiH + C=] '" nl " ng » 

charge transfer or encounter 
complex 

{R,Si—HC=) R,Si* + HC= (20) 

free radical pair 
in a solvent cage 


is electron transfer within a charge transfer or encounter complex with the 
formation of a free radical pair, which decomposes to the silylenium ion 
and triphenylmethane. The last step occurs presumably within the same 
solvent cage, as the whole process proceeds stoichiometrically to analytical 
precision {100). It should be mentioned that the SET mechanism has been 
considered in similar redox processes at the silicon center {101-103). 

The concept of the generation of silylenium ion by hydride abstraction 
with a stable carbenium ion has been explored in designing the synthesis of 
saturated and unsaturated cyclic silaethers {104). For this purpose the 
incipient silylenium ion is intramolecularly trapped by a properly located 
ethereal nucleophile, which leads to cyclization [Eq. (21)]. If the triphenyl- 


-Si—H 
R, 




Ph,C + X 


(21) 
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methyl ethers are used, the reaction is catalytic through the continuous 
regeneration of the trityl ion. Synthesis according to Eq. (21) in many 
cases proved to be successful. 

2. 1,2 Migration in a-Functional Silanes 

The Lewis acid-induced 1,2 migration in (a-chloroalkyl)trialkylsilanes 
was first reported in 1947 (105). A mechanism involving the silylenium ion 
was proposed [Eq. (22)]. However, further studies did not confirm the 

Me 3 SiCH 2 Cl Me 3 SiCH 2 + + A1C1 4 _ -* Me 3 SrCH 2 Me + A1C1 4 -• 

EtMe 2 SiCl + AIC1 3 (22) 

stepwise pathway (106-110). A four-center transition state was proposed 
from the kinetic results (106). 

Me 2 Si ^-;)CH 2 

'''a' 

AICI., 

Pathways involving full ionization of the carbon-chlorine bond followed by 
migration of the alkyl group synchronously with nucleophilic attack at 
silicon or preceded by the attack have also have considered (109,110). 

The general opinion that the 1,2-alkyl migration from silicon to the 
carbenium center is a synchronous process was, however, at variance with 
calculations of Hopkinson and Lien showing that there is essentially no 
barrier for the strongly exothermic rearrangement of H 3 SiCH 2 + to 
H 2 Si + CH 3 (24). Referring to these calculations, Barton and co-workers 
suggested the formation of a silylenium ion intermediate in the reaction of 
(chloromethyl)vinylsilanes with A1C1 3 in CS 2 solution to afford cyclo- 
propylchlorosilane products [Eq. (23)]. According to these authors the 
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intermediate could be formed by /3 or y closure of an initially formed car- 
bocation followed by the rearrangement to the silacyclopropylsilylenium 
ion (111). 

However, essential progress in proving silylenium ion intermediacy in 
the 1,2-alkyl migration from silicon to + C= has been achieved only rela¬ 
tively recently (112,113). Apeloig and Stanger found a system in which 
a carbenium ion, generated in the a position to silicon in a process of 
spontaneous solvolysis, transforms to a silylenium ion by a 1,2 shift of the 
methyl group to the positively charged carbon atom. These authors per¬ 
formed successful experiments with chemical trapping of the transient 
silylenium ion by a nucleophilic solvent molecule according to Eq. (24). It 



D E 



C 

X = p-0 2 NPhC00~, Cl"; OS = solvent moiety (24) 

was shown that solvolysis of substrates A may lead to two products: C, 
which is quenched with a solvent carbenium ion B, and E, which is 
quenched with the solvent silylenium ion D. The ratio of both products 
depends in a dramatic way on the nucleophilicity of the solvolytic system. 
In acetone containing 20% water E:C is 1:99, whereas in hexafluoroiso- 
propanol the product derived from the silylenium ion is formed almost 
exclusively (>99%). The reactivity pattern argues against solvent-assisted 
methyl migration. 


I y* CH 3 
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3. Nucleophilic Substitution in Trisyl-Type Silicon Species 

A useful approach to tracing disociative pathways of substitution at 
silicon proved to be studies of sterically hindered compounds with bulky 
nonreactive ligands and relatively good leaving groups. The majority of 
experimental data in this area are concerned with a particular class of com¬ 
pounds, namely, organosilicon derivatives of tris(trimethylsilyl)methane. 
The (Me 3 Si) 3 C ligand is commonly denoted as “trisyl” (Tsi). Synthetic 
aspects of this chemistry and some earlier results have been reviewed 
(114-116). 

Trisyl and related groups exert a dramatic effect on the reactivity of 
silanes, leading in most cases to the inhibition of direct nucleophilic attack 
at the silicon atom. Eaborn and colleagues (117) found that solvolysis of 
trisyl perchlorate in methanol exhibits some classic features of a uni- 
molecular S N 1 reaction [Eq. (25)]. In particular, no significant rate in¬ 
crease was found on addition of MeONa to the system, indicating that 
participation of the nucleophile is not essential for breaking the bond to the 
leaving group. On the other hand, the reaction is accelerated by strong 
electrophiles (114). The effect of addition of LiCl, NaC10 4 , and LiN0 3 
was as expected for a primary salt effect in the ionization of the perchlorate 
in the rate-determining step. In the presence of LiN0 3 a considerable 
amount of nitrate product is formed, indicating trapping of the silicocation 
by N0 3 - . The S N 1 pathway was postulated. 

(Me 3 Si) 3 CSiMe 2 C10„ [(Me 3 Si) 3 CSiMe 2 ] + + C1<V ^ 

[(Me 3 Si) 3 CSiMe 2 r + MeOH (Me,Si) 3 CSiMe 2 OMe 

Studies of the reaction of trisyl-substituted silanes of the general formula 
(Me 3 Si) 3 CSiMeZX, in which X is a leaving group and Z is, for example, 
OMe or aryl (116-122), revealed that the solvolysis reaction is often 
accompanied by 1,3 migration of the nonreactive substituent Z. The 
bridged structure (A) of the silicocation intermediate has been proposed to 
account for this observation. It bears a close analogy to that well estab¬ 
lished for the organoaluminum dimer (B). 

Me. .Me. .Me 

/ A k > x 

Me Me Me 

B 

Strong evidence for the intermediacy of bridged silicocations was pro¬ 
vided by the observation of the formation of a considerable amount of 
rearranged products in the presence of Ag + and Hg + or other electrophiles 


/ SiMe 2 

(Me 3 Si) 2 C^ ^;::z 
SiMe 2 
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in reactions of trisyl species both in solvolytic systems and in aprotic media 
[Eq. (26)] ( 120,123-126 ). The ionization of the silane takes place as a 
result of electrophilic attack of the cation on the leaving group. The extent 
of the migration is governed by steric hindrance at the respective 1 and 3 
silicon atoms, which are targets of the consecutive nucleophilic attack. 

On the other hand, methanolysis or hydrolysis of TsiSiR 2 I species 
(R 2 = Ph 2 , Et 2 or HPh), in the absence of electrophilic agents, gives 



exclusively unrearranged TsiSiR 2 OMe or TsiSiR 2 OH products (127). Con¬ 
sequently, the bridged cationic intermediate does not appear. Although 
these reactions are not catalyzed by lyate ion, some nucleophilic assistance 
by the solvent must be involved, and, in analogy to solvolysis of tert -butyl 
halides (128), the S N 2 intermediate mechanism was proposed (127) but 
recently disproved (129). In some cases, however, S N 2-type reactions were 
observed, e.g., for TsiSiMe 2 I with suitable nucleophiles (F“, NCS - , 
NCO - ) as well as for methanolysis of less hindered TsiSiPhXH (X = Br, F, 
N0 3 , NCO - , NCS - , p-MeC 6 H 4 S0 3 ) (127,130). Thus, the spectrum of 
mechanisms of nucleophilic substitution on the trisyl-bound silicon atom is 
broad. 


It should be mentioned that rearranged product formation is often 
observed together with a strong rate enhancement by the ^substituted 
electron-donating group Z, which is indicative of anchimeric assistance 
from this group (121-123,126,131-133). In these cases the interaction of Z 
with the silicon center already takes place in the rate-determining step, 
making departure of the leaving group easier. 



Some remarkable effects of the electronegative neighboring group such 
as OMe (124) or OAc (134) have been observed in these systems. For 
example, although tetrakis(trimethylsilyl)methane (TsiSiMe 3 ) is com- 
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pletely inert toward CF 3 COOH, even under reflux, the methoxy derivative 
TsiSiMe 2 OMe gives an impressive cleavage of a normally stable Si—Me bond 
at room temperature [Eq. (27)]. 

It appears that the measured ability of Z to supply anchimeric assistance 
decreases in the following order: OMe > SO 3 CF 3 > C10 4 > F > Cl, I > Me, 
in agreement with MNDO calculations of the relative stability for acyclic 


(Me 2 Si) 2 C 


y SiMe 2 OMe CF]COOH 
N SiMe 2 0 2 CCF 3 
[H 2 C(SiH 2 Z)(SiH 2 + )] and bridged 


(Me 3 Si) 2 C(SiMe 2 0 2 CCF 3 ) 2 


(27) 


[H 2 C 




cations (135). Recently, anchimeric assistance of azide (123), aryl (122), 
and vinyl groups (133) has been also reported. 


4. Other Systems 

Observations considered as evidence in favor of silylenium ion interme¬ 
diacy have been made in other systems. Most of them have already been 
reviewed (10). 

Sommer et al. (136) found that optically active silyl halides readily un¬ 
dergo racemization induced by halide ions. The reaction is related to halide 
ion exchange discovered by Allen and Modena (137). The first tandem 
kinetic studies of the racemization and halide exchange reaction led to 
conclusion that the reaction proceeds via a silylenium ion pair [Eq. (28)], 

&E’ &R 

(-)-R 3 Si*Cl + Cr (±)-RjSi 36 Cl + *C1“ (28) 

where k E and k R are the specific rates of exchange and racemization, 
respectively. Later reinvestigation of these reactions (138,139) revealed 

“a 

(-)-R,SiCl == IRjSi-CT] [R,si +36 cr] ( + )-R 3 Si ,6 Cl (29) 

that some features are in conflict with silylenium ion pair formation. 
Nevertheless, the value for k E /k R of 1.3 observed in chloroform may still 
be interpreted as partial ionization according to Eq. (29). 
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Attention has also been focused on reactions of /3-functional silanes. 
Sommer et al. (140) first reported the /3-elimination reaction of /3-chloro- 
alkylsilanes catalyzed with Lewis acids [Eq. (30)]. Transient formation of 

R 3 SiCH 2 CH 2 Cl R,SiCH 2 CH 2 + + AICI 4 -* R 3 Si + + CH 2 CH 2 + AICI 4 ~ -* 

RjSiCI + AIC1, (30) 


the silylenium ion was initially postulated. A synchronous mechanism, 
however, was preferred by Bott et al. (106). 


H-. 

/ C \ 

R 3 Si ,CH 2 

''Cl' 

AICI, 




Solvolysis of /3-halogenosilanes occurs in an analogous way [Eq. (31)] 
(141). The reaction rate 

R 3 SiCH 2 CH 2 CI - - 0H/H;0 » RjSiOEt + H 2 C=CH, + HC1 (31) 

is dependent on the solvent ionizing power but is not affected by the 
nucleophilic character of the medium. Base catalysis does not seem to be 
significant, and electron-attracting substituents slow down the reaction. A 
“limiting siliconium ion” mechanism was proposed [Eq. (32)], but this 
mechanism has been criticized (142). 

slow fas. \'> 

ssSiX -> [=sr-X“1 -* [S.Si.-X] -* S—Si= + X~ 

X = /3-chloroethyl; S = solvent moiety (32) 

The stereochemical course of solvolysis of a diastereomeric /3-bromo- 
silane, which was found to be trans elimination, as well as the observation 
of 1,2-silyl group migration in a process of substitution at the /3 carbon 
(143) are evidence of anchimeric assistance of the silyl group in ionization of 
the bond to the /3 carbon. It was further noticed (144) that after quenching 
the solvolysis reaction of /3-bromo-/3-dideuterioethylsilane the substrate 
recovered is a mixture of a and /3 deuterated isomers [Eq. (33)]. These 


Me 3 SiCH 2 CD 2 Br Me 3 SiCH 2 CD 2 Br + Me 3 SiCD 2 CH 2 Br (33) 

observations are consistent with the intermediacy of a nonclassical silacy- 
clopropenium ion although an alternative explanation is also feasible 
[Eq. (34)] (145,146). 
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Me 3 

Me 1 SiCH 2 CH 2 X -» / S + ‘\ +x “ H 2 C=CH 2 + Me 3 SiOR (34) 

H 2 C-CH 2 


The transient existence of the silylenium ion has been considered in 
other reactions of chlorosilanes in the presence of Lewis acids. Guyot 
(147) successfully used the silyl chloride-silver salt system for initiation of 
the cationic polymerization of vinyl ethers [Eq. (35)]. Gel permeation 


PhjSiCl + Ag + PF 6 ^ -• Ph,SrPF 6 + AgCI 

Ph 3 Si + PF 6 “ + H 2 C=CHOR -> Ph,SiCH 2 CFTPF 6 - 


polymer (35) 


chromatography analysis, using in tandem the refractive index and UV 
detectors, established the presence of aromatic groups built up at the end 
of the polymer chain. Attempts at electrophilic aromatic substitution per¬ 
formed using silyl triflate-boron trihalide complexes (80), however, failed. 
The silylenium ion intermediate has also been postulated in the dispropor¬ 
tionation of alkylhalogenosilanes (148,149). 


SILENE-TYPE SPECIES IN ELIMINATION-ADDITION REACTIONS 

The elimination-addition route [Eq. (36)] constitutes a rare but impor¬ 
tant dissociative mechanism for displacement at silicon (150). Along the 
reaction coordinate one must assume the formation of unsaturated silicon 
species, which are now of interest to great number of organosilicon chem¬ 
ists (151). 

Even in the late 1970s one could find the statement that stable com¬ 
pounds with double bonds from silicon to carbon, oxygen, and nitrogen 
were not known (152). In the 1980s knowledge about such systems has 
developed dramatically. Theoretical calculations and studies of gas-phase 
processes, though still numerous, are slowly giving way to the relatively 
new area of stable unsaturated molecules and their reactions in solution 
(153-157). 

R 2 Si—Y" |R 2 Si=Y] + X 

X (36) 

[R 2 Si=Y] + NuH R 2 Si(YH)(Nu) Y = CR 2 , O, S, NR 
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A. Theoretical Predictions and Stable -n-Bonded Compounds 

There have been number of calculations concerning energy and struc¬ 
tural features of the double-bonded silicon compounds, including silenes 
(Si=C), disilenes (Si=Si), silanones (Si=0), silathiones (Si=S), and 
silaimines (Si=N). Some earlier estimates concerning the n bond energy 
in silene (silaethylene) varied significantly (3-62 kcal/mol) (155,158). It is 
now generally regarded to be in the range of 35-37 kcal/mol (159,160), 
compared to that of 65 kcal/mol in ethylene (experimental value) (161) 
and, e.g., 31 kcal/mol of H 2 Ge=CH 2 (160). Ab initio calculations predict 
a value for the length of the Si=C double bond in Me 2 Si=CH 2 of 1.70 A 
(154,162), being close to the experimental distances for stable silenes (see 
below). In light of this, the first electron diffraction result of 1.83 A for 
1,1-dimethyl-l-silaethylene (163) is generally regarded as unreliable. 

Theoretical calculations estimate the respective n bond energy and 
double bond length as 24 kcal/mol (164) and 2.0-2.2 A (162,165,166) for 
Si=Si in the simple parent disilene. For the two similar systems, silanone 
and silathione, the latter is expected to be thermodynamically more stable, 
with 77-bond energy of 33 and 42 kcal/mol, respectively, and approximately 
similar 10% bond length shortening on going from H 3 Si—XH to H 2 Si=X 
(X = O, S). The respective distances between silicon and heteroatoms 
were calculated to be 1.498 A in H 2 Si=0 and 1.936 A in H 2 Si=S 
(167,168). The calculated value of the Si=N bond length in silaimine 
(H 2 SiNH, 1.53-1.57 A) (169,170) is also about 10% shorter than for most 
Si—N single bonds (7,151,171). 

The above ab initio and related calculations clearly reveal that un¬ 
saturated silicon compounds are less stable than their carbon analogs 
(156,170), but as gas-phase studies and the chemistry of sterically crowded 
silicon derivatives have proved (153,154,156,158,162,172-175) such com¬ 
pounds can no longer be labeled as “nonexistent” (176,177). A number of 
isolable double-bonded silicon derivatives have recently been synthesized 
and characterized in agreement with theoretical predictions (Table III) 
(169,173,178-195). The data illustrate well that the kinetic stability of 
multiply bonded silicon species can be greatly improved by substitution of 
sufficiently bulky groups across the p^-p^ bond. The ease of addition 
reactions is then severely restricted. The new target for organosilicon 
chemists appears to be silicon triple-bonded compounds (196,197). 

B. Elimination in Gas Phase 

Elimination processes of the type depicted in Eq. (36) constitute 
an important pathway for generating unsaturated silicon compounds. 



TABLE III 

Physical Properties of Selected Stable w-Bonded Silicon Compounds" 


Compound 

Double bond 
length (A) 

29 Si NMR 
(ppm) 

IR (cm' 1 ) 

Reference(s) 

Silenes (Si=C) 

Me 3 Si OSiMe 3 

\ / 

Si=C 

Me 3 Si X X R 

R = /-Bu 


41.5 

1130 

178-180 

R = CEt 3 

— 

54.3 

1133 

180-182 

R = Methylcyclohexane 


43.5 

— 

180 

R = Adamantyl 

1.764 

41.4 

1135 

179-181 

Me 3 SiO^ ^SiMej'Bu 

Si=C 


126.5 


183 

Me 7 " Adamantyl 

THF SiMe, 

\ / 

Me—Si=C 

1.747 



184 

Me^ ^SiMe'Buj 

Me SiMe, 

\ / 

Si=C 

1.702 

144.2 


185,186 


Me / X SiMe'Bu 2 
Disilenes (Si=Si) 
R(Mes)Si=Si(Mes)R 


R = Mes 

2.160 

63.6 

— 

187-190 

R = f-Bu (trans) 

2.143 

90.3 

— 

173,189 

R = r-Bu (cis) 

— 

94.7 

— 


R = Me,SiN (trans) 

— 

61.9 

— 

173,189 

R = Me 3 SiN 

— 

49.4 

— 


(Ar') 2 Si=Si(Ar') 2 

— 

64.06 

— 

191,192 

Silaimines (Si=N) 

'Bu 

Si=NSi'Bu 3 

1.568 

78.29 

_ 

169 

'Bu^ 

THF 

Me—Si=N—Si'Bu, 

1.588 

1.08 

— 

169,193 


Me x 


Si=N—Ar 

•Pr / 

Silaphosphines (Si=P) 

Mes 

\ 


60.3 


194 

Si=P—Ar 

Is 7 

Is 

\ 


148.7 


195 

Si=P—Ar 
'Bu/ 


175.9 


195 


“ Mes, 2,4,6-Trimethylphenyl; Ar, 2,4,6-tri-rm-butylphenyl; Ar, 2,6-dimethylphenyl; Is, 
2,4,6,-triisopropylphenyl. 
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Historically it was the gas-phase process which first unequivocally proved 
the existence of species with a it bond to silicon [Eq. (37)] {198). In the ab¬ 
sence of nucleophiles, the dimethylsilene gives a head-to-tail dimerization 
product, l,l,3,3-tetramethyl-l,3-disilacyclobutane. On the other hand, ad¬ 
dition products across the double bond of the intermediate silene are 
formed in the presence of various trapping agents. 


H,C—CH, 

1 I ‘ 

H,C—Si—Me 

‘ I 

Me 



CH,SiMe 2 OMe 


.Me' 

h 2 c=s/ 

X Me 


H 2 C—Si—Me 

I I 

Ae— Si—CH 2 


CH,SiMe 2 OH CH,SiMe 2 NH 2 


(37) 


Many of the results in this field have been already reviewed 
(153,154,158,162,199-201), and a few recent ones concerning thermal 
elimination of R 2 Si=S species are illustrated in Scheme 1 (202-205). 
Weber and co-workers described a transannular reaction of 6-oxa-3- 
silabicyclo[3.1.0]hexanes leading to transient silaoxetanes and elimination 
of dimethylsilanone, trapped by oxadisilacyclopentane (202). Barton and 
co-workers reported elimination of dimethylsilanone from alkoxysilanes 
(203) and silylketenes (204). Analogous silylthioketenes yielded silathione 
(205), and kinetics of gas-phase addition reactions of dimethylsilene and 
dimethylsilanone were also studied (206,207). 


C. Elimination Processes in Condensed Phase 

Apart from examples of thermal extrusion of unsaturated species (e.g., 
Et 2 Si=S from dithiocyclohexasilanes) (201,208) and photolytic elimina¬ 
tion reactions ( 158,209,210 ), most of the processes utilizing the elimination 
route are induced by generation of an anion in the a position to silicon. 
The pioneering studies by Wiberg ( 156,211-213) and Jones ( 214,215) and 
colleagues have been continued (216-218) and extended as a preparative 
method for relatively stable ir-bonded silicon compounds (195). Reactions 
of lithium silylamides with chlorosilanes in nonpolar solvents were also 
rationalized in terms of a mechanism involving formation of the unstable 
silaimine, Me 2 Si=NR, and subsequent dimerization to account for a high 
yield of cyclodisilazanes in a mixture with expected substitution products 
(219). Examples are given in Scheme 2 (50-53). 

Trisyl compounds (see Section II,D,3) of the form (TsiSiR 2 X) (Scheme 3) 
(54-56) provide a useful model for studies of elimination-addition pro- 
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*Cb° ^ >CX — 


r o \/ 

X r s, ~°\/ 


/-\ + [>=o] — ksi _ o /-\ 


/\ 


-» + [Me 2 Si=0] - 


yv 

0<* .M 

Si 

/\ 

D = —f Me,SiO)— 


SiMe, 




Me 2 Si S 


H—C=C—SiMe, > ? 

i Me > si=sl ^ l—L 

S-SiMe 2 

Me : Si S 

S-SiMe, 

Scheme 1 


cesses. As a result of the steric bulk of the Tsi group, typical substitution 
reactions are made difficult, and the elimination-addition pathway is fa¬ 
vored (220). The unusually high reactivity of trisyl silanolates, generated in 
the reaction medium, is explained by the unimolecular process involving 
transient silanone species. TsiSiPh(OH)I undergoes immediate complete 
conversion to TsiSiPh(OH)(OMe) in 0.17 M MeOH solution with 0.25 M 
MeONa, whereas there is no Si—I bond cleavage even in boiling MeOH 
(227). The “silanone mechanism” (775) was also suggested as accounting 
for the abnormally high reactivity of the Si—H bond and one-step forma¬ 
tion of TsiSi(OH) 3 from TsiSiH(OH)I on hydrolysis (222). 

Kinetic studies of the pathways shown in Scheme 3 were performed 
for base-catalyzed cleavage of diol RSiMe(OH) 2 [Eq. (38)] and triol 



[Me 2 Si=C(SiMe,) 2 ] 


X = halogen, OR; M = alkali metal 

H 2 C=CHSi(Me 2 )CI + 'BuLi V/[ -* 

hexane Li Cl 



ArPH 2 -» ArPHLi —-* ArP—SiR 2 -* ArP=SiR, 

I I 

H Cl 

Ar = 2,4,6-tri-ferf-butylphenyl 

R = 2,4,6-trimethylphenyl, 2,4,6-triisopropylphenyl, tert-butyl 


[LiH + R 2 Si=NR'] 



R 2 Si—NR’ 

I I 

H SiR? 


R 2 SiH + LiCI 


Scheme 2 


R 2 Si-NR’ 

I I 

R'N-SiR 2 


SiMe, 

MecT^Me^Si—C-^-SiRi^X 

I 


MeO -Me,Si~ 


SiMe, L 

MeOSiMe, + [(Me,Si) 2 C=SiR 2 ] + X 


Si Me, 

siR 2 —x 
Si Me., 


[(Me,Si) 2 C=SiR 2 ] + MeOH -» (Me,Si) 2 CH—SiR 2 (OMe) 

R = Me, Ph; X = F, Cl, Br, I 



Scheme 3 
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RSi(OH) 3 (R = m-ClC 6 H 4 CH 2 ) in H 2 Q-MeOH and H 2 Q-DMSO media. 


RSiMe(OH) 2 RSiMe(0H)0 RSiMe(Q') 2 



Me Me 

MeSi(OH) 3 + R“ )si=0 + R“ )si=0 + R 

OH X cr 


It was shown that at a high base concentration the unimolecular processes 
of internal nucleophilic displacement (k A ~ and k A ~) dominate over S N 2 
substitution, giving evidence for the generation of unstable 7r-bonded 
silaacetate (223) and monomeric metasilicate ions (224). Earlier, a con¬ 
tribution from the analogous elimination-addition process had been sug¬ 
gested for Si—C bond cleavage in silanols RSiMe 2 OH (R = PhCH 2 , m- 
CIC 6 H 4 CH 2 , PhC=C) (221,225), involving transient formation of 
dimethylsilanone. The importance of this novel dissociative substitution 
pathway in organosilicon chemistry, often overshadowed by faster S N 2 
reactions, is also being shown in other systems. Recently, it was proposed 
for Si—Si bond cleavage in polysilanes by aqueous-alcoholic base (226) 
(Scheme 4), and its features (partial silicon-oxygen double bond) (150,227) 
have been discussed for polysiloxanes (228) (Scheme 4). 
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IV 

BORDERLINE S N 1-S N 2 MECHANISMS 

Classification of nucleophilic displacement as a one-step S N 2 or a step¬ 
wise S N 1 process is not adequate as there is a continuous spectrum of 
nucleophilic substitution mechanisms, of which the classic S N 1 and S N 2 
pathways can be considered as extremes. There is no clearly defined line 
between them but rather a region of borderline pathways for which a 
mechanistic diagnosis is difficult (229,230). When the classic S N 1 mechan¬ 
ism operates, the intermediate lives long enough to become diffusionally 
equilibrated in the solution. If, however, its lifetime is short, about 1(T 10 
second or less, the intermediate has little chance to leave the solvent cage 
in which it is generated. The product may be formed either by trapping of 
the intermediate by a reagent molecule in the closest solvation shell or by 
preassociation with the reagent prior to intermediate formation, which 
enforces the reaction toward the product. In these cases, the reaction is an 
S N 1 process but shows some features of the S N 2 substitution. Its rate 
depends on the concentration of the nucleophile. 

It may, however, also happen that the barrier to reaction of the in¬ 
termediate toward the product is insignificant. The lifetime of the in¬ 
termediate becomes shorter than the time of molecular vibration along the 
reaction coordinate (10 -13 second), and so the intermediate does not exist. 
The reaction becomes a one-step concerted process, but it involves a loose 
“exploded” transition state with little bond making and highly advanced 
bond breaking (230). The reaction is S N 2 substitution with the inter¬ 
mediatelike transition state exhibiting features of the S N 1 processs. In 
particular, the rate is only slightly dependent on nucleophile basicity. A 
somewhat similar borderline mechanism is the S N 2 (intermediate) pathway 
when nucleophilic attack occurs on a preformed ion pair intermediate 
(128,231,232). 

The borderline S N 1-S N 2 mechanisms play an important role in substitu¬ 
tion at carbon and phosphorus, elements which are the closest neighbors of 
silicon. Most solvolyses of secondary alkyl halides have been described as 
belonging to this category (229). Even the solvolysis of tert-butyl halides, 
long thought to be a classic S N 1 process, was shown to involve consider¬ 
able nucleophilic assistance (128). Many important phosphorylation reac¬ 
tions, like that in Eq. (39), have been postulated as occurring along the 
elimination-addition pathway via monomeric metaphosphate transient 
species (233), analogs of the monomeric metasilicates considered as 
intermediates in the substitution at silicon (224). However, Knowles and 
colleagues (234) found that alcoholysis of 0 17 ,0 18 -labeled phenylphos- 
phate monoanion proceeds with complete inversion of the configuration at 
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phosphorus. Evidently, a borderline mechanism is operating. The choice 
would be between S N 2 “exploded” transition state A and preassociation 
S N 1 mechanisms B (230,234). 



A B 


Borderline mechanisms may play an important role in nucleophilic dis¬ 
placement at the silicon center. Actually, almost all arguments in favor of 
the transient formation in solution of silylenium ions and silicon double- 
bonded species advanced so far could be interpreted in terms of borderline 
mechanisms as well. These pathways have often been proposed in studies of 
the silylenium ion question. Good examples of this are concepts of the 
“limited silylenium ion” developed by Sommer and Baughman (141) and 
the “incipient silylenium ion” considered by Barton and co-workers (111). 
Eaborn discussed in broad terms the formation of a bridged silicon cation 
either by intramolecular trapping of the preformed silylenium ion or as a 
result of the anchimeric assistance of the neighboring group (114,115). 
Nucleophilic participation of the solvent has been also suggested (61,94), 
and extrapolation of the results of gas-phase studies to solutions pointed to 
a particular role of silylenium ion-solvent interaction (47,61). Borderline 
pathways are also consistent with some observations in studies of double- 
bonded silicon intermediates in solution (227) and could, possibly, be 
responsible for some unsuccessful attempts at trapping these species. 


V 

TETRACOORDINATE SILICON CATIONS AS INTERMEDIATES IN 
NUCLEOPHILE-ASSISTED SUBSTITUTION AT SILICON 


This section is devoted to processes beginning with the heterolytic cleav¬ 
age of a silicon bond by a neutral nucleophile. Thus, some aspects of 
intermediacy of cations of silicon having a coordination number of 4 are 
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discussed. The subject is somewhat related to the silylenium ion problem 
since the species discussed here may be considered as an =Si + ion which 
coordinates a neutral molecule. Basic knowledge concerning the interac¬ 
tion of the trivalent positively charged silicon center with neutral species 
rich in electrons is essential for understanding the character of the solva¬ 
tion of silylenium ions around which the controversy arose (Section II). 

The other justification of the extension of the scope of this article to 
tetracoordinate Si + intermediates is the notable interest in the nucleophilic 
activation to substitution at the silicon atom, which is closely related to the 
tetrahedral Si + intermediacy problem. Little attention has been paid so 
far to this aspect of organosilicon chemistry in other review articles. This 
discussion does not include, however, the vast area of tetrahedral Si + 
intermediates in reactions catalyzed by protic acids; thus, the protic cat¬ 
ions, i.e., those having acidic hydrogen, are in principle excluded. 


A. Relation to Problems of Catalysis in Silylation Processes 


The tetracoordinate silicon cation is a rather common species in solu¬ 
tion. It may be generated by heterolytic cleavage of a bond from silicon to 
a reactive ligand, as a result of interaction of the silicon center with an 
uncharged nucleophile like amine, imine, phosphine, phosphine oxide, 
and amide. Since these nucleophiles are also known to be effective 
catalysts for many displacements at silicon including important silylation 
processes ( 86,89,235-238 ), the cations of tetracoordinate silicon have re¬ 
ceived attention as possible intermediates in these reactions according to 
Eq. (40) ( 78,235,239-243). 

Nu + R 3 SiX -» NuSiR 3 + + X“ 

(40) 

NuSiIV + Y- -» R,SiY + Nu ^ ’ 


Two other pathways, however, should be considered. First, the nu¬ 
cleophile may act as a Bronsted base, receiving proton from the substrate. 
This way the nucleophilicity of the substrate toward the silane is increased. 
Specific [Eq. (41)] or general [Eq. (42)] base catalysis is possible 
( 7,137,244-246 ). The second possibility is a pathway involving an extra- 

HY + Nu — NuH + + Y~ 

(41) 

Y+RjSiX — R,SiY + X v ’ 

HY + Nu — Nu".HY 6 - 

(42! 

Nu".HY*~ + R 3 SiX -» R 3 SiY + NuH + + X V ’ 

coordinate silicon intermediate formed as a result of direct coordination of 
the nucleophile (for reviews, see Refs. 10-13 and 247). A more general 
scheme of this mechanism is given in Eq. (43). 
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Nu + R,SiX 


RR 

\/ 

NuSiX 

I 

R 


R,SiY + Nu + X" 


(43) 


The spectrum of reactions assisted by nucleophiles is broad, and 
Eqs. (40)-(43) are all generally regarded to be significant. There are, 
however, opposing views on the scope of their operation. Some details of 
the pathway shown in Eq. (43) concerning the explanation of how extra¬ 
coordination activates the silane toward nucleophilic displacement are also 
controversial. In particular, the mechanism of nucleophilic displacement of 
chlorine in triorganochlorosilanes has become the subject of continuing 
controversy. These reactions are of considerable importance: triorgano¬ 
chlorosilanes are among the most inexpensive and most common silylating 
agents ( 89,235-238) and are often used in mixtures with Lewis bases 
which efficiently promote the silylation. Corriu etal. found ( 248-250) that 
the reactions are strongly accelerated by nucleophiles like HMPA, DMSO, 
and DMF. These authors also observed that the nucleophiles dramtically 
change the stereochemistry of the reaction from inversion to retention 
(257), which together with the kinetics of the process can be well explained 
by the pathway involving pentacoordinate (and possibly hexacoordinate) 
Si intermediates [Eq. (44)] (248-251). It was, however, pointed out (239) 


r, nu i 


", Nu ' 

R n i J 

ROH 

R v 1 

Si—R 1 
R 2 ^ 1 

| 

R 2 ' 1 N OH 

Cl 


Cl 


intermediate 
or transition state 


that both the kinetics and the stereochemistry of these reactions could 
also be understood on the basis of Eq. (45) involving a tetracoordinate 
silicon cation intermediate, and this view found support in other results 
(240,242,243,252,253). 


'Si( 


'Si 


(45) 


Arguments for the intermediacy of penta- or hexacoordinate silicon 
intermediates have been discussed in detail in earlier reviews (10-13,247), 
but little attention has so far been devoted to Eq. (40). There is, however, 
a body of evidence that nucleophilic displacement at silicon may follow 
pathway (40). Evidence for this mechanism includes the following: (1) the 
common existence of compounds postulated to be intermediates or model¬ 
ing the intermediates i.e., positively charged ionic silane-nucleophile com¬ 
plexes containing tetracoordinate silicon; (2) the dynamic behavior of 
these compounds when mixed with their components, and the behavior 
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of the mobile ligand; (3) a high reactivity of the complexes toward nu¬ 
cleophiles; and (4) agreement with stereochemical results, kinetic laws, 
activation parameters, structure-reactivity dependences, and medium 
effects of the nucleophile-induced silylation reactions. 


B. Formation of Stable Salts Having a Tetracoordinate 
Silicon Atom in the Cation 


Cations having a tetracoordinate silicon may appear by three general 
routes. Apart from the ionization of a silicon-reactive ligand bond, the 
cations can be formed by transformation of a group bound to silicon, in 
particular by the addition of positively charged ion. For example, the 
quaternization of trimethylsilylamine with methyl iodide leads to the same 
ionic complex as the reaction of trimethylsilyl iodide with trimethylamine 
[Eq. (46)] (254). 


Me,SiNMe 2 + Mel 
Me,SiI + NMe, 


[Me 3 SiNMe,| + I 


(46) 


Addition of an uncharged nucleophile to a silylenium ion is also possible, 
and some sterically hindered tetrahedral Si + products are likely to appear. 
Compounds of this type which have so far been generated could be clas¬ 
sified according to the participating nucleophile as 

1. Complexes of nitrogen-containing nucleophiles or silylammonium 
salts, [R 3 SiNR 3 ] + X - 

2. Complexes of phosphorus nucleophiles or silylphosphonium salts, 
[R 3 SiPR 3 ] + X“ 

3. Complexes of oxygen nucleophiles or silyloxonium salts, for example, 

[R 3 P—O.SiR 3 ] + X~ 

(silyloxyphosphonium or silylphosphoxonium salts) and 


[RC—O.SiR 3 ] + X“ 

NMe 2 


(silyloxycarbenium or silylcarboxonium salts) 

Since the formal positive charge is on the ligand, the proper names of these 
salts should originate from corresponding nucleophiles. Thus, they should 
be regarded as silylated ammonium, phosphonium, and oxonium salts. 
Therefore we use the name silylonium ion. Most often, the following 
counterions X appear: I - , CF 3 S0 3 - , Br~, C10 4 - , Cl - . The positive 
charge is usually strongly delocalized over other atoms of the complex ion. 
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For example, the cation generated by the interaction of (Me 3 N)P with 
Me 3 SiI could be represented by the mesomeric structures in Eq. (47) 
(255). 

/ NMe 2 + z NMe 2 

Me 3 Si + :P—NMe 2 «-► Me,Si—P—NMe 2 - 

x NMe 2 x NMe 2 

^NMe 2 / NMe 2 

Me,Si—P=NMe 2 •—* Me 3 Si—P—NMe 2 
X NMe 2 % NMe 2 

Some of the salts were isolated in pure crystalline form and showed fairly 
high thermal stability, but many of the cations were observed only in 
solution. In certain cases, however, solid complexes are readily formed, 
like Me 3 N-Me 3 Si0S0 2 CF 3 , although at ambient temperature in solution 
only unchanged reactants are observed (78). They are often easily soluble 
in aprotic solvents of high or moderate polarity like acetonitrile and meth¬ 
ylene chloride. Some of these complexes are unstable at room tempera¬ 
ture, decomposing reversibly to components, and may be observed 
only at a low temperature ( 78,242,252,255,256 ). Sometimes irreversible 
decomposition to other products takes place. An example is shown in 
Eq. (48). The majority of these complexes are hydrolytically very unstable 

[Me 3 SiP(NMe 2 ) 3 ] + r - Me 3 SiNMe 2 + IP(NMe 2 ) 2 (48) 

(239,242,257,258) and can be observed only in aprotic solvents. Some 
protic complexes having bulky substituents at silicon (259-261) or bridge¬ 
head structures (262) show a considerable resistance to hydrolysis, 
however. 

Important evidence of the ionic structure of many silane-uncharged 
nucleophile complexes in solution is their high electrical conductance, 
characteristic of strong electrolytes (239,252,254-256,263). The 1:1 
stoichiometry of certain complexes in solution was proved by conduc¬ 
tometric titration (Fig. 1). The stoichiometry in solids was, in many cases, 
confirmed by elemental analysis (239,260). 

X-Ray studies of crystals of pyridine complexes with trimethylsilyl bro¬ 
mide and iodide (264) and of N-methylimidazole adducts to trimethyl- 
chlorosilane (265) were performed. The tetracoordinate silicon structure 
of these complexes was proved. The distances between the halogen and 
silicon atoms in pyridine adducts are 4.359 and 4.559 A for bromine and 
iodine, respectively, which is approximately 2 A greater than the sum of 
the covalent radii and significantly longer (0.5 A) than the sum of the van 
der Waals radii. This result is consistent with the ionic structures of the 
complexes in the solid state. The distance from silicon to nitrogen (1.86 A) 
is evidently larger than the length of typical Si—N bonds (1.75 A), which 
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Fig. 1. Titration of (EtO) 2 P(0)SMe with Me 3 Sil in CH 2 CI 2 at -70°C followed by con¬ 
ductance (A---A) and '"P-NMR spectroscopy (O—O). ((EtO) 2 P(0)SMe]„, 0.1 mol/dm 3 
(conductance) or 0.5 mol/dm 3 (NMR). (From M. Cypryk, Ph.D thesis. Centre of Molec¬ 
ular and Macromolecular Studies, The Polish Academy of Sciences, L6d£, Poland, 1982. See 
also Ref. 256 .) 

indicates that the nucleophile is only weakly bonded to the central silicon 
atom. The CSiC angles are around 6° larger and the CSiN angle about 6° 
smaller than the usual tetrahedral angle. Thus, considerable distortion of 
the trigonal pyramidal structure occurs, making nucleophilic attack on 
silicon easier from the opposite side to the nitrogen ligand. The ionic 
structure of a crystalline (V-methylimidazole-Me 3 SiCl complex was also 
unequivocally established (265). 

NMR spectroscopy is a powerful tool for studies of silylonium com¬ 
plexes. The 29 Si-NMR chemical shift provides important structural in¬ 
formation. Bassindale and Stout (252) showed that the 29 Si S value for the 
same cation is virtually independent of the counterion in such solvents as 
acetonitrile, deuterochloroform, and methylene chloride, which may be 
used as evidence of the ionic structure. Since the range of the 29 Si chemical 
shift is large and highly dependent on coordination number, it may serve as 
a particularly useful probe for coordination at silicon. For example, the 
complex Me 3 SiX (X = I, Br, CF 3 S0 3 ) with /V,/V-dimethylacetamide in 
CD 2 C1 2 shows a S value about 44 ppm (240), which is strongly indicative of 
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the tetracoordinate structure A, since the pentacoordinate silicon reso¬ 
nance appears in a quite different region (266). Species (B) of well-defined 
pentacoordinate structure (267), which may serve as a good model for the 
silicon pentacoordination in DMF-triorganohalosilane systems, shows the 
29 Si resonance at -29.4 ppm in the same solvent, at a considerably higher 
field (240). 

Me Me 

[ .H T O—Si—Cl 

Me 3 Si—0=C X“ R— C'f j 

X NMe 2 J X N—CH 2 

R' 

A B 

The dependence of NMR chemical shifts on the molar ratio of complex 
components may be used for studies of the stoichiometry of the complex 
(252,256,258,263) (Fig. 1). The resonance of some nuclei of the electron 
donors changes considerably on complexation with silanes. Particularly 
large changes are observed for the 1S N resonance (—100 ppm upfield) since 
the paramagnetic component of the ,S N-NMR chemical shift is eliminated 
on quarternization of nitrogen. Mixing of equimolar amounts of pyridine 
and triphenylsilyl perchlorate was demonstrated to lead to a shift of the 
15 N-NMR signal from 314.0 to 216.8 ppm, which was taken as evidence for 
the formation of a 1:1 ionic complex (18). 

A marked change in the position of resonance on the complex formation 
is also observed in the 3l P-NMR resonance. The additional shift caused by 
complexing is, to a considerable extent, dependent on the structure of the 
nucleophile. For example, in the interaction of PhEtMePO with Me 3 SiI in 
CH 2 C1 2 , phosphorus is deshielded by 36 ppm (238), while in the case of 
the analogous complexing of (Me 2 N) 3 PO deshielding is only 3 ppm. On 
the other hand, the conversion of (Me 2 N) 3 P to the cation shown in Eq. (47) 
is accompanied by considerable additional shielding of the 31 P nucleus 
(AS-56 ppm), owing to charge delocalization to the nitrogen atom (255). 

Proton- and 13 C-NMR spectroscopy have been also used as diagnostic 
tools for the silane-nucleophile complex formation (252,253). In some 
cases the coupling constant is very sensitive to complexing with a silane and 
may be used as a probe of the formation of an ionic complex. A good 
example is the selenium-phosphorus coupling in selenophosphoryl nu¬ 
cleophiles. Selenium bridging to phosphorus and another atom in a neutral 
molecule gives a 7 P _ Se value of about 400-500 Hz, while / P _ Se for the 
P=Se group is at least twice as large, usually within the range 800- 
1000 Hz (268). The 7 P Se constant in the ionic silyloxyphosphonium salt 
lies somewhat between these values because of the contribution from the 
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mesomeric structure involving a selenium-phosphorus v bond [Eq. (49)]. 


SeMe 

I 

EtO— + P—OSiMe, 

I 

OEt 


EtO—P—O—SiMei 

I 

OEt 


J p_se = 670 Hz (CH : CU,-90°C) 


EtO. ,SeMe EtO. .Se 

p * 

EtO / % 0 EtO / N OMe 

J r _ u = 480 Hz Jp-Sc = 900 Hz 


(49) 


The direct silicon-phosphorus bond coupling constant (/ P _ Sl 115-Hz, 
CH 2 C1 2 , -60°C) was observed for the complex shown in Eq. (47) (225). 
Selected complexes for which the silylonium structure in solids or in 
solution was proved are collected in Table IV (see also Refs. 269 and 270). 


C. Thermodynamics of Silylonium Ion Formation 

Formation of an ionic tetracoordinate Si + complex from an uncharged 
nucleophile and a functional silane is an exothermic process accompanied 
by a marked drop in entropy. Many qualitative observations indicated 
that these complexes are generated more readily at lower temperatures 
( 78,242,252,256 ). Unfortunately, there are few data on the thermodyna¬ 
mic parameters of complex formation. From the temperature variation of 
the 29 Si resonance position, Bassindale and Stout (252) determined the 
enthalpy and entropy of the formation of bis(A/,AMrimethylsilyl)- 
imidazolium chloride (Table IV, entry 10). A similar procedure permitted 
Chaudhry and Kummer (242) to determine the enthalpy of formation of 
complexes of 2-trimethylsilyl-l,l,3,3,-tetramethylguanidine (Table IV, 
entries 6, 7). 

The equilibrium and dynamic behavior of the silylonium complexes 
were extensively studied by Bassindale et al. (252,253), who used mostly 
bis(W,W-trimethylsilyl)imidazolium salts as model compounds [Eq. (50)]. 


Me,SiX 


w 


■iNWNS 

\Oy 


(50) 


The position of the equilibrium depends to a considerable extent on the 
structure of the counterion and was found to lie well toward the side of the 
complex when X is Br“, I“, CF 3 S0 3 “, or C10 4 “, but to the side of compo- 
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nents for Cl - . However, silylonium salts with the Cl counterion stable at 
room temperature have recently been obtained by complexing Me 3 SiCl 
with /V-methylimidazole (265) and 2-trimethylsilyl-l,l,3,3-tetramethyl- 
guanidine (242). 

On the basis of NMR studies of equilibrium [Eq. (51)] in CD 2 C1 2 and 
CD 3 CN, the following order of the ability of complex formation was 
established (253): Me 3 SiCl < Me 3 SiBr < Me 3 SiI < Me 3 Si0S0 2 CF 3 < 
Me 3 Si0C10 3 . 

Me,SiN^NSiMe,X H-Me^iY Me,SiN'o'NSiMe,Y + Me,SiX (51) 

- \ / ' ■ ' \'2Jl K 


Ion pairing in the salt was observed in methylene chloride, which suggests 
that solvation of the counterion in organic solvents is an important factor 
determining the formation of the salt (253). The order for ion pairing in 
the N-trimethylsilylimidazolium salts is Cl" >Br~ > I - > _ 0S0 2 CF 3 > 
“OC10 3 , thus exactly reversing the order of complex formation constants. 
Investigations of competition reactions between nucleophiles according to 
Eq. (52) allowed establishment of the order of the effectiveness of nu¬ 
cleophiles in complex formation (78) (see Table V). 

Nu + Nu'+SiMej = Nu + SiMe 3 +Nu' (52) 

In contrast to the existence of numerous stable ionic triorganosilylonium 
complexes, there is no well-defined pentacoordinate molecular 1:1 adduct 
of acyclic structure of a triorganohalosilane with an uncharged nu¬ 
cleophile. This implies a higher thermodynamic stability of the ionic 
silylonium complexes than their molecular isomers for the open chain 
triorganosilyl structure [Eq. (53)]. Stable penta- or hexacoordinate 2:1 nu¬ 
cleophile-silane open chain complexes with three organic groups bound to 

R R 

Nu—Si—X =—‘ R,Si + NuX‘ R = alkyl or aryl, X = good leaving group (53) 
R 


silicon are not known either. Instead, diorganosilyl complexes such as 
[Me 2 HSi(NMI) 2 ] + Cr and [Me 2 Si(NMI) 3 ] 2+ -2CP have recently been well 
characterized (265,271). In general, the tendency for the triorganosilylo¬ 
nium ion to accept a fifth uncharged ligand does not seem to be high 
[Eq. (54)]. 

R R 

\/ + 

R,SiNu" + Nu NuSiN 

R 


(54) 



TABLE IV 

Selected Tetrahedral Silicocation Complexes" 


Entry 

Complex 

Form and method of identification 

Properties 

Reference(s) 

1 

PySiMe 3 + I 

Cryst., X-ray, el. anal., Ir 

mp 100°C 

254,264 

2 

PySiMe^Br - 

Cryst., X-ray 

mp 27°C 

264 

3 

Me 3 NSiMe 3 *r 

Cryst., el. anal., sol.,* IR, conduct. 


254 

4 

Me 3 NSiMe 3 + C10 4 _ 

Cryst., el. anal., sol.,* conduct. 


270 

5 

(Me 2 N) 2 C=N(SiMe 3 ) 2 + Cr 

Cryst., el. anal., IR, sol.," 'H 

NMR 

AH -23 

242 

6 

(Me 2 N) 2 C=N(SiMe 3 ) 2 + Br~ 

Cryst., el. anal., IR, sol.," 29 Si, 'H 
NMR 

AH -30, 5( 29 Si) 14.84" 

242 

7 

NMISiMe 3 + Cr 

Cryst., X-ray, el. anal. 


265 

8 

NMISiMe 3 + CF 3 S0 3 “ 

Sol./ >H, 29 Si NMR 

5( 29 Si) 26.8" 

78 

9 

TMSISiMe 3 + Cr 

Sol/ (—85°C), 29 Si NMR 

5( 29 Si) 25.34" (—85°C), AH -10, AS -41 

252 

10 

TMSISiMe 3 + Br 

Cryst., el. anal., sol.,*"" conduct., 
29 Si NMR 

6( 29 Si) 26.3/ 26.5," 26.3" 

252 

11 

TMSISiMe 3 + P 

Cryst., el. anal., sol.,*•"•" 
conduct., 29 Si NMR 

S( 29 Si) 26.4/ 26.5," 26.9" 

252 

12 

TMSISiMe 3 "CF 3 S0 3 - 

Cryst., el. anal., sol./ " " conduct., 
29 Si NMR 

S^Si) 26.7/ 26.7/ 26.3" 

252 

13 

TMSISiMe 3 *CI0 4 - 

Cryst., el. anal., sol.,**”' conduct., 
29 Si NMR 

5( 29 Si) 26.1/26.1," 26. l" 

252 



B K 


14 HC(0)NMe 2 SiMe 3 + I~ 

15 HC(0)NMe 2 SiMe 3 *CF 3 S0 3 - 

16 (Me 2 N) 3 POSiMe 3 + Br“ 

17 (Me 2 N) 3 POSiMe 3 * I ~ 

18 Ph 3 POSiMe 3 + r 

19 Me 3 POSiMe 3 + r 

20 Me 3 POSiMe 3 + Br" 

21 (Me 3 SiO) 3 POSiMe 3 + 1 “ 

(EtO) 2 (MeS)POSiMe 3 + r 
(Me 2 N) 3 PSiMe 3 + r 

24 (Me 2 N) 3 PSiMe 3 + Br- 


501., " 29 Si NMR 

501., *' Si NMR 

Cryst., el. anal., sol f conduct., 3, P 
NMR 

Cryst., el. anal., sol.,'' conduct., 

31 P NMR 

Cryst., el. anal., sol.,'' 31 P NMR 
Cryst., IR, sol.,* conduct., 31 P 
NMR 

501., * '' conduct., 3l P NMR 
Cryst., el. anal., sol.,'' conduct. 

Sol.'' (-80°C), conduct., 3I P NMR 
Sol.'' (—60°C), conduct., 3, P NMR 

Sol.'' (—60°C), conduct., 3, P NMR 


5( 29 Si) 43.94'' 
fi^Si) 44.27'' 
mp 40°C, S( 3I P) 26.2'' 

mp 85.5°C, 5( 3I P) 26.2'' 

mp 161-164°C, 5( 3, P) 51* 


5( 31 P) 83 

mp 151°C, subl. 120°C/0.5 Torr, 5( 31 P) 
34.40 

5( 31 P) 35.8" (-80°C) 

5( 31 P) 64'' (—60°C), S( 29 Si) 

-0.3d" (-30°C), 7p_ si 115 Hz 
5( 31 P) 64" (—60°C) 


240 

240 

239 

239 

239,257 

270 

271 
258 

256 

255 

255 


“ For review, see also MacDiarmid (269). 6( 29 Si) and 5( 31 P), Chemical shift in ppm; AH, enthalpy of complex formation inkcal/mol; A5, 
entropy of complex formation in cal/mol degree; Py, pyridine; NMI, N-methylimidazole, TMSI, trimethylsilylimidazole. 

* In CH 3 CN or CD 3 CN. 
c In CHC1 3 or CDC1 3 . 

“ In CH 2 C1 2 or CD 2 C1 2 . 



284 


JULIAN CHOJNOWSKI and WLODZIMIERZ STANCZYK 


TABLE V 

Equilibrium Constants" for Reactions 
Me,Si + PyCF 3 S0 3 " + Nu Me 3 Si + NuCF,S0 3 + Py 


Nucleophile 

K 

Pyridine 

1 

3,5-Dimethylpyridine 

5.5 

Dimethylformamide (DMF) 

8.1 

/V-Methylpyridine 

10 

Triphenylphosphine oxide 

110 

Pyridine /V-oxide 

660 

1,2-Dimethylimidazole 

54,300 

Hexamethylphosphoroamide (HMPA) 

99,000 

N-Methylimidazole (NMI) 

328,000 


“ Shown are approximate values deduced from Bas- 
sindale and Stout (78). Reactions were conducted in 
CH 2 C1 2 . 


D. Dynamic Behavior of Tetracoordinate Si + Complexes 

Knowledge of the dynamic behavior of silylonium complexes is of great 
importance for understanding the role of these species as intermediates in 
processes of substitution at silicon. These complexes are very reactive 
toward nucleophiles. For example, observations of their hydrolytic unsta¬ 
bility have been made (e.g., Refs. 239, 242, 254, and 257). 

The energy barrier to ionization of functional electrophilic silanes by 
uncharged nucleophiles must be very low. It was shown (256), for example, 
that equilibrium [Eq. (57)] (X = Br, I) in methylene chloride is established 
quickly when measured on the 31 P-NMR scale, even in temperatures as 
low as -90°C. Considering the favorable thermodynamics for complex 
formation under these conditions, and accounting for the negative entropy 
change, the rate of ionization must be very high and the energy of activa¬ 
tion very low. Similar behavior is exhibited by some other adducts includ¬ 
ing those of trimethylsilyl chloride (242,252). This behavior fits very well 
the role of these ionic adducts as intermediates formed in the fast pre¬ 
equilibrium step of nucleophile-assisted substitutions at the silicon atom. 

The tetrahedral Si + complexes readily exchange the mobile ligand 
(242,253) of the nucleophile on the silicon center, which was proved for the 
system shown in Eq. (55) (253). The reaction is rapid as compared with the 

MejSiN^NSiMd + Me^iN^N ;=^ Me.SiN^NSiMe, + Me^SiN^N (55) 

v^y ' w ' & ■ ' w 
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NMR time scale for all counterions studied, i.e., Br - , I - , C10 4 ~, 
CF 3 SO 3 - , including also CP at low temperature. The rate constant was 
estimated to be at least of the order of 10 3 second -1 at 30°C. In light of this 
result it is reasonable to postulate a ligand exchange process for the 
nucleophile-induced racemization of optically active silanes (discussed in 
Section V,F). 

Exchange of the silyl group between the ionic complex and the func¬ 
tional silane according to Eq. (56) (253) was also studied. It was proved 


Me,SiNT^NSiMe,X- + Me,SiX Me^iN^NSiMe,X + Me,SiX (56) 

' \&J 

that the reaction proceeded by the dissociation-recombination pathway 
involving slow decomposition of the salt followed by fast recombination of 
the nucleophile and silane. The main evidence was the order of decreasing 
reactivity in the series of counterions Cl - > Br - > CF 3 SO 3 - > I - ,C10 4 - 
and solvents CDC1 3 > CD 2 C1 2 > CD 3 CN, which parallels the order of in¬ 
creasing salt stability. The results of these studies gave, therefore, impor¬ 
tant information about the rate of ionic complex decomposition to compo¬ 
nents. For example, the rate constant of the decomposition of bis(N,N'- 
trimethylsilyl)imidazolium triflate in CDC1 3 at 300 K is 13.25 second -1 . 

Tetracoordinate Si + complexes may undergo transformations in the 
mobile ligand, since nucleophilic attack of the counterion may be directed 
toward electrophilic centers located in the ligand group. Some reactions 
involving these transformations are of importance in synthesis ( 86,272- 
274). For example, the silylation of phosphorus alkyl esters has been 
broadly explored by bioorganic chemists as a convenient method of gen¬ 
eration of phosphorus acids [Eq. (57)] (273). The mechanism of the silyla¬ 
tion reaction [Eq. (57)] has been well documented for the cases where X is 


Me,SiX 
-Me,SiX 


1 T 

—POSiMe, X 

I ' I 

O—Aik 

\ J y 


(57) 


Br or I by NMR, conductometric, stereochemical, and kinetic studies 
(256). In particular, it was demonstrated that silylation of optically active 
alkyl thiophosphonate with a stoichiometric amount of Me 3 SiBr leads to 
racemic silyl esters and the rate of optical rotation decay is equal to the 
rate of silyl ester formation (256) in spite of the fact that no bond to 
phosphorus was cleaved. Thus, the reaction must involve an achiral tran¬ 
sient species [Eq. (58)]. This result is also proof of fast exchange of silyl 
groups between the complex and the silane, which occurs via the dissocia¬ 
tion-recombination mechanism. 
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M N p /> ^ 

EtS / X OMe 

Me. OSiMe, M '“s' Br f Me OSiMe-T 

X Xp/ 

EtS / ~Me3S.Br |^ EtS / \ osiMe;i 

racemic product 


Me. X> 

''K 

EtS^ X OSiMe, 


(58) 


E. Features of Uncharged Nucleophile-Assisted 
Substitution at Silicon 

Many important substitution reactions at silicon are known to be effec¬ 
tively accelerated by uncharged Lewis bases. Silylation processes catalyzed 
by amines and nitrogen heterocycles are the most common and important 
examples. Amines are often used in the mixture with halosilanes in the 
silylation of protic substrates to play the role of both catalyst and hydro¬ 
halogen acceptor. Earlier reports on the subject are quoted in Pierce’s 
review (235). Other reviews on silylation and selected aspects of this pro¬ 
cess have appeared ( 86,89,236-238,273 ). Transient formation of amine- 
silyl halide silylonium complexes has been often suggested (see Refs. 
76, 78, and 235 and references cited in Refs. 241-243, 252, 253, 275, and 
276). Silylation with other functional silanes is also subject to nucleophilic 
catalysis. Good examples of this may be the silylation of silanols with 
acetoxysilanes (275), alcohols with silanethiols (276), or alcohols with silyl 
triflates (76). Activation of silylation reagents with oxygen nucleophiles like 
HMPA DMF, and DMSO has been pointed out and studied by Corriu et 
al. (248,249,251,263), and the possibility of participation of silylonium 
intermediates was also considered (78,239,240,252,253). The intermediacy 
of the ionic tetrahedral Si complex has been postulated in other trans¬ 
formations, e.g., ligand exchange at trivalent phosphorus (255) and synth¬ 
esis of Mannich salts [Eq. (59)] (274). 

, / Mc 

H,C=n(" + I + Me,SiNMe, 

Me 

(59) 

Assistance with uncharged Lewis bases is particularly effective if a bulky 
silyl group is to be introduced to an organic compound (76,241,277,278) or 
the silylated object is sterically crowded (243,278). Chaudhry and Her- 


Me 2 NCH,NMe : 


SiMe, r 
• Me—N—CH,—< 
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nandez (241) demonstrated the promotion of silylation of alcohols with 
/erf-butyldimethylchlorosilane by a mixture of triethylamine and 4- 
dimethylamino pyridine (DMAP). The silylation proceeded readily in the 
presence of catalytic amounts of DMAP but did not occur in its absence, 
although an equimolar amount of the stronger Bronsted base Et 3 N was 
present. This result points to the nucleophilic character of the catalysis. 
Frye and co-workers showed that some nitrogen heterocycles of high 
nucleophilicity are unusually effective catalysts in the silylation of vinyl- 
dimethylcarbinol with Ph 2 SiCl 2 and Ph 2 Si(OR)CI (243). As pointed out by 
Bassindale and Stout (78), the catalytic constants for various promoters 
correlate well with the relative values of silylonium complex formation 
constants. 

The activities of silanes Me 3 SiX bearing various functional groups X as 
silylating agents used in mixture with Et 3 N were compared in silyl ether 
formation studies (279). The reaction presumably takes place according to 
Eq. (60) (253). The rate of reaction decreased with varying X groups in the 


MejSiX + EtjN 
MejSiNEt- 


■ Me 3 SiNEt 3 X- 

.SiMe, 


0=0 = | y = 9 ^ 1 + EtjN 


(60) 





Et,NH 


order I>0S0 2 CF 3 >Br>0S0 2 CH 3 >Cl, which is roughly parallel to 
the order of the decreasing ability of Me 3 SiX to ionize as a result of 
interaction with nucleophiles (253) (Section V,C). The parallel behavior of 
nucleophiles and silanes in complex formation and in nucleophile-assisted 
silylation points strongly to the nucleophilic character of this catalysis and 
the participation of silylonium complexes. 

The kinetics of nucleophilic substitution at the silicon atom assisted by 
uncharged nucleophiles have been studied by Corriu et al. (248-251). 
Hydrolysis of triorganochlorosilanes induced with HMPA, DMSO, and 
DMF was used as the model. The reaction proceeded according to the 
third-order kinetic law, first order with respect to the nucleophile, the 
silane, and the silylation substrate. Very low values of activation enthalpy 
and high negative entropy of activation were observed (Table VI). These 
results were taken as evidence for the intermediacy of silicon hypervalent 
species (249,251)-, however, they are also perfectly consistent with 


ROH 

Nu + R,SiX [R,Si"Nu]X —> 


R'OSiR, + Nu-HX 


(61) 
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TABLE VI 


Catalytic Rate Constants k and Activation Parameters for 
Hydrolysis of Chlorosilanes in Anisole at 20°C 


Substrate 

Nucleophile 

k 

(mol -2 dm 6 
second -1 ) 

AH* 

(kcal/mol) 

AS* 

(cal/mol 

degree) 

Reference 

PhjSiCl 

HMPA 

1200 ±100 

-3.4 

-56 

251 

Ph 3 SiCI 

DMSO 

50 ±10 



249 

PhjSiCl 

DMF 

6 ± 1 



249 

a-NpPhMeSiCl 

HMPA 

3500 + 400 



249 

a-NpPhMeSiCl 

DMSO 

180 + 20 

1.4 

-43 

251 

a-NpPhMeSiCl 

DMF 

40 ± 5 

2.6 

-40 

251 

a-NpPh(MenO)SiCl 

HMPA 

220 ±20 

-2.9 

-46 

251 


Eq. (61). If steady-state conditions are met 3 and the second step is rate 
limiting, Eq. (61) leads to the kinetic law represented by Eq. (62). 

Rate = y 1 [Nu][R 3 SiX][R'OH] (62) 

AH* = A Hi + A H 2 * AS* = AS, + AS 2 * (63) 

The enthalpy and entropy of activation are calculated according to 
Eq. (63). Since ionic silylonium complex formation is exothermic, its en¬ 
thalpy, A Hi, is negative. The activation enthalpy for exchange of the 
mobile ligand, A H 2 *, is expected to be rather small since a considerable 
partial positive charge on the silicon center makes nucleophilic attack 
easier. Moreover, the mobile ligand X is an excellent leaving group. 
Consequently, AH* of the overall process is expected to be small and may 
even be negative. AS, is strongly negative (252), mostly due to the orga¬ 
nization of the weakly polar solvent by the ionic complex. The contribution 
from AS 2 * is expected to be negative as well, because of the bimolecularity 
of the ligand exchange process. Thus, a highly negative entropy of activa¬ 
tion should be a general feature of the process proceeding according to 
pathway [Eq. (61)]. 

One of the most interesting results concerning features of nucleophile- 
assisted substitution at silicon is retention of configuration at the silicon 
center observed by Corriu et al. (248,251), even when the leaving group is 


3 The analysis is not applied to cases in which fc_,<ft,[Nu], i.e., if the equilibrium of 
complex formation lies on the side of the complex. 
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chlorine which as a rule is substituted with inversion ( 8,10,12,280 ). This 
result is in agreement with a silylonium ion intermediate. The ionization, 
most probably induced by the uncharged nucleophile, is an S N 2 reaction, 
which occurs with Walden inversion. The second step is displacement of 
the nucleophile bound relatively loosely to silicon. Obviously, it should 
also proceed with inversion. Thus, the expected net stereochemical result 
of the process is retention. 


F. Nucleophile-Induced Inversion at Silicon 

Nucleophile-induced racemization of chiral halosilanes has been exten¬ 
sively studied ( 8,99,280-288 ) in connection with interest in the mechanism 
of nucleophilic catalysis in substitution at silicon. This reaction was first 
reported by Sommer, who found that optically active silanes readily under¬ 
go spontaneous racemization in some solvents (8). Corriu et al. (280- 
283,285 ) investigated the kinetics of the racemization assisted by catalytic 
amounts of such uncharged nucleophiles as HMPA, DMSO, and DMF in 
an inert solvent, CC1 4 . The reaction was found to be second order with 
respect to the nucleophile, which indicates that two nucleophile molecules 
participate in formation of the transition state. The reaction showed a low 
value for energy of activation and strongly negative entropy of activation. 
These results were interpreted in terms of a mechanism involving hyperva- 
lent achiral silicon intermediates A or B [Eq. (64)]. It was later pointed out 


R V I , 

■ 'Si—R 

R 2 ^J. 




r' n | ,ci 
R2/ J Xr ’ %s. Nu 


';si— r 3 

r 2 ^ I cr 


(64) 


that the kinetics also fit well to the double-displacement pathway involving 
a silylonium intermediate [Eq. (65)] (239). 

If steady-state conditions are imposed i.e. k_ l >/ti[Nu], Eq. (65) leads 
to the general kinetic law represented by Eq. (66), where R rac is the rate of 
racemization. When the second step is rate limiting, the equation adopts 
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the form of a third-order kinetic equation [Eq. (67)]. The reaction should 
thus be second order with respect to the nucleophile. This is perhaps a 
common case of nucleophile-induced racemization of silanes and related 
processes of nucleophile-catalyzed substitution at silicon taking into 
account the fact that the complex is formed very fast (Section V,D). If the 
first step is rate determining the reaction becomes first order with respect 
to the nucleophile [Eq. (68)]. The crossover from the kinetics described 
by Eq. (67) at lower concentrations of nucleophiles to the kinetics ac¬ 
cording to Eq. (68) at higher nucleophile concentrations was observed 
by McKinnie and Cartledge ( 99,286 ) for cis-trans isomerization of 
l-chloro-l,2-dimethylsilacyclobutane. The authors interpreted this result 
as consistent with Eq. (64), structure B. 


tfrac 

«M 2 [Nu] 2 m o inl 
-*_ 1+ MNu] [RsS,C11 

(66) 

Krac 

■TT [N “ )2tRjSiCI1 

(67) 

fi rac 

= *,[Nu][R 3 SiCl] 

(68) 


An analogous analysis to that in Section V,E leads to the conclusion that 
small A H t and large negative AS* values of racemization (Table VII) are 
fully compatible with the silylonium pathway. They can also be interpreted 
in terms of the mechanisms involving a hypervalent silicon intermediate 
(10,263,285). 

It should be stressed that Eq. (66) is not the sole representation of 
kinetics of nucleophile-activated racemization of optically active silanes. 
Silylonium complexes often appear to be thermodynamically more stable 
than the substrate in the reaction systems, i.e., &i[Nu] > . The steady- 

state conditions are not met, which usually leads to complex kinetics. On 
the other hand, the different kinetic laws observed in these processes 
(287,288) are related to other types of mechanisms, which are discussed 
later. 
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TABLE VII 

Activation Parameters of Nucleophile-Induced 
Racemization of Triorganosilanes 


Silane 

Nucleophile 

Solvent 

AH* 

(kcal/mol) 

AS* 

(cal/mol 
second degree) 

Reference 

NpFcPhSiCl 

HMPA 

Benzene 

3.61 

-54 

285 

NpFc-i-PrSiCl 

HMPA 

Benzene 

2.69 

-58 

285 

NpPh-i-PrSiCl 

HMPA 

CC1 4 

3.15 

-55 

251 

NpPhEtSiCl 

HMPA 

CC1 4 

0.39 

-57 

251 

NpPhEtSiCl 

DMF 

CC1 4 

0 

-70 

251 


Mechanisms involving ionic intermediates, i.e., Eqs. (64) pathway 
(through B) and (65), are strongly supported by the observation that the 
rate of racemization increases markedly with increasing dielectric constant 
of the medium. This was demonstrated by kinetic investigations of the 
racemization of NpPhMeSiCl induced by catalytic amounts of HMPA in 
CH 2 C] 2 -CC\ 4 binary solutions of various composition (284) (Fig. 2). 

Important requirements for formation of hexacoordinate silicon com¬ 
plexes is small bulk and a strongly electron-withdrawing character of the 
substituents at the Si center (171). These conditions are not met in the 
chlorosilane racemization and solvolysis processes studied (251,285). Also 
the faster rate of halogen exchange relative to inversion on silicon observed 
by Cartledge etal. (286) remains in conflict with the hexacoordinate silicon 
intermediate (A) pathway [Eq. (64)]. 

An argument for pathway [Eq. (65)] was provided by kinetic investiga¬ 
tion of the racemization of NpPhMeSiCl induced with (PhO) 2 (Me 3 SiO)- 
P=0 in competition with silyl group exchange in the ester (transsilylation) 
(284). The transsilylation was found to be faster than racemization, and it 
also leads to an optically active product, in conflict with the hypervalent Si 
pathways if a reasonable assumption is made that both transsilylation and 
racemization occur via the same intermediate. On going to this inter¬ 
mediate [Eq. (64), A or B], chirality would be lost, and the racemization 
could not be faster than transsilylation. 

Recently Bassindale et al. (288) discovered a new mechanism of halo- 
silane racemization in the presence of nucleoophiles. They performed 
dynamic NMR studies of the inversion at silicon catalyzed by HMPA 
and A-trimethylsilylimidazole, using as a model a halosilane having di- 
astereotopic methyl groups. Diastereotopic separation of the 'H- and 
13 C-NMR signals is apparent in both the substrate and the silylonium 
complex. Thus, inversion at the Si center leading to coalescence may be 



292 


JULIAN CHOJNOWSKI and WLODZIMIERZ STANCZYK 



Z 


Fig. 2. Dependence of the specific rate of racemization of NpPhMeSiCl induced by 
HMPA in CCI4-CH2CI2 solvent systems at 25°C on the dielectric constant of the medium 
(variable CH 2 C1 2 to CCI 4 ratio). (HMPA], 0.0025 mol/dm 3 . (Deduced from M. Cypryk, 
Ph D thesis. Centre of Molecular and Macromolecular Studies, The Polish Academy of 
Sciences, L6di, Poland, 1982. See also Ref. 284.) 

H Me 

I I 

Ph—C—Si—X X = Br, Cl 

I I 

Me Me 

observed simultaneously in the substrate and its complex. 4 It turned out 
that, over a certain temperature interval, diastereotopic separation in both 
the 13 C- and ^-NMR spectra was evident only in the complex while the 
substrate showed one signal. This observation indicated that the halosilane 
was undergoing inversion of configuration while the complex remained 
stereochemically rigid; thus, nucleophilic displacement could not account 
for the racemization. This result was explained by a mechanism involving 
halide exchange. On increasing the temperature, the pair of the signals of 


4 Since for X=Br the substrate-complex equilibrium lies well to the side of the complex, 
the silane-to-nucleophile molar ratio 2:1 was used to ensure the 1:1 silane-to-complex molar 
ratio under the NMR experimental conditions. 
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the complex underwent coalescence before the averaging of signals of the 
complex and bromosilane took place. This indicates that both mechanisms, 
halide exchange and nucleophile displacement, operate in parallel, and the 
full scheme of the process is as in Eq. (69). For the model used (X = Br) 


RjSiX + Nu [R 3 SiNu] + X“ 



R,SiX + Nu = [R,SiNu*] + X- 


and under the experimental conditions applied, halide exchange domin¬ 
ates. The authors suggest that this mechanism is also more important in 
other systems including chlorosilanes. This, however, would be in conflict 
with the second-order kinetics with respect to the nucleophile reported by 
Corriu et al. (283,285). The authors assume that the only role of the 
nucleophile in the halide exchange pathway is to generate the halogen ion. 

There is also a well-documented mechanism of nucleophile-catalyzed 
racemization of silane that does not involve an ionic intermediate. This 
mechanism operates in at least some peculiar classes of cyclic silanes, 
having particular ability to form complexes with nucleophiles. Stevenson 
and Martin (287) studied carefully the kinetics of the inversion of a bicyclic 
spirosilane A [Eq. (70)]. The reaction was catalyzed by a weak nu¬ 
cleophile, a substituted benzaldehyde. The mechanism consistent with 


Nil* 

l 



T 

Nu + 

Nu = p-NMe 2 PhC(0)H (70) 

experimental observations assumed the formation of a 1:1 molecular com¬ 
plex B having a pentacoordinate silicon, followed by a rate-determined 
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sequence of five pseudorotations inverting the chirality of B. Loss of the 
nucleophile gives the inverted silane. The most important evidence was the 
first-order kinetics of the reaction in nucleophile; acceleration of the 
process by electrodonating groups on the phenyl ring of the nucleophile; 
lack of correlation of the rate with solvent-ionizing power; and negative 
activation entropy of the process, AS* -27.9 cal/mol degree. The above 
mechanism, in contrast to that proposed by Corriu, does not assume 
formation of an achiral intermediate. An important role is attributed to 
permutative isomerization, which has been well documented to occur at 
the silicon center (289-293). It should be also mentioned that a spon¬ 
taneous edge inversion process of tetracoordinate silicon compounds may 
occur in somewhat similar bicyclic systems (294). 

In conclusion, studies of nucleophile-catalyzed inversion at the silicon 
center point to various mechanistic possibilities of this transformation. 
Results of such studies also support the role of silylonium ions as in¬ 
termediates. 


G. Alternative Mechanisms of Catalysis by Uncharged Nucleophiles 

1. Pathways Involving Extended Coordination of Silicon 

These mechanisms have been the subject of several reviews (10-13), and 
there is no room to discuss them in detail. A short comparison with the 
silylonium intermediate pathway should, however, be included. Both of 
these conflicting mechanisms assume the formation of a substrate-nucleo¬ 
phile complex in a fast preequilibrium step, and the complex reacts with 
a nucleophilic reagent to give the product in the rate-limitng step. It is, 
therefore, appropriate to compare how easily the corresponding complexes 
are formed and how readily they react toward the product [Eq. (71)]. The 

nucleophilic 

— fCag<:n —» product 

A 

(71) 

nucleophilic 

-*-* product 


X K 


relative thermodynamic stability of structures A and B is a complex func¬ 
tion of the character of substituents at silicon, nucleophile, and leaving 
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group, as well as of the nature of the solvent. In solvents of good or 
medium ionizing power like methylene chloride, often explored in silyla- 
tion reactions, structure A is usually more stable for a good leaving group 
like Cl, Br, I, CF 3 S0 3 , and C10 4 and if all substituents R are alkyl or aryl. 
An acyclic structure and a high steric effect in the silane or nucleophile also 
favor structure A. 

The situation may be reversed, however, if more electronegative groups 
of rather small size are bound to silicon, the solvent is nonpolar, the 
leaving group is poor like F, RCOO, RS, and H, and if the silicon atom is a 
part of a strained ring or if such a ring may be formed as a result of the 
interaction of the Si center with an internal nucleophilic group. All these 
features favor an extended coordination structure of the intermediate. 
Numerous compounds of pentacoordinate silicon having these features 
have been isolated (for reviews see Refs. 247, 290, 295-297). For exam¬ 
ple, additional coordination of the internal nucleophile leading to chelate- 
stabilized trigonal bipyramids is well documented ( 247,267,293,298-305 ). 



No data have been obtained to make a direct comparison of the elec¬ 
trophilic reactivity of A and B [Eq. (71)]. The high reactivity of silylonium 
complexes in silylation processes has been already discussed. There is, 
however, good reason why structure (B) [Eq. (72)] may be reactive toward 
displacement of a ligand by a nucleophile. Donor-acceptor complexes are 
often represented by formula A [Eq. (71)] with the positive charge located 
on the central atom. Such representation has only formal character and is 
confusing. In many cases calculations point unequivocally to reverse polar¬ 
ization of the central atom (84). Silicon becomes more positive on com- 
plexing, while all negative charge from the nucleophile donor is located on 
the ligands, more precisely on one occupying the apical position. The 
Si—X bond becomes longer and bond energy poorer. The silylonium ion 
structure C can be considered as the limiting case (305). 



A B C 

formal charge limiting case 

distribution true charge distribution 


(72) 
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The ability of silicon extended coordination species to react with nuc¬ 
leophiles was well documented by Corriu et al. (247,285,306-308). Even 
negatively charged pentacoordinate silicon anions showed high reactivity 
toward nucleophilic reagents (247,306-308). For example, PhMeSiF-T 
reacts faster with f-BuMgBr than the parent uncomplexed compound of 
tetravalent silicon, by a factor of 120 (247). Thus, nucleophilic activation 
of the Si—X bond by extracoordination is unquestionable. There remains 
the problem of the detailed mechanism of this activation. Four general 
routes of transformation of the pentacoordinate silicon intermediate to 
the product should be distinguished. The Si—X bond may be broken 
as a result of (1) nucleophilic attack on silicon, (2) attack of electrophile 
on the departing group, (3) synchronous attack (push-pull), or (4) ligand 
coupling. 5 

Route 1, attack of the nucleophilic reagent leading to a hexacoordinate 
intermediate or transition state, has been given preference (11,12,247,306- 
308). A similar pathway has been also postulated in organophosphorus 
chemistry (309-311). This mechanism may account for many experimental 
observations. It does not, however, seem to be generally accepted as the 
most favorable route (see, for example. Refs. 243 and 290). Activation 
toward nucleophilic attack intuitively should be less effective in the extra- 
coordination structure [Eq. (72), B] than in the silylonium ion (C), because 
of the higher positive charge and lower steric requirements of the Si center 
in the latter. 

Extracoordination seems to be very effective in activation of the Si—X 
bond toward electrophilic attack on the leaving group (311-314). The 
push-pull variant of the mechanism with considerable electrophilic assist¬ 
ance to the leaving group departure thus seems to be more plausible. The 
push-pull pathway was considered in the HMPA- or Et 3 N-catalyzed ex¬ 
change of halogen between a-NpPhMeSiHF and chlorosilanes (250). 

Electrophilic attack may also lead to an elimination-addition reaction 
involving the silylonium intermediate [Eq. (73)]. Route 2 involving single 

\/ I Y \ / 

Nu—Si—X =; NuSi + —X” —— * ^Si' (73) 

I I Y 

electron transfer (SET) is another possibility. The SET pathway accounts 
for some reductive processes involving Si—H bond cleavage in the extra¬ 
coordinate species (312,315). It has also been considered in silicon-alkyl 
bond cleavage in some hexacoordinate silicon compounds (313,314). 


'Considered by S. Oae in reactions of sulfuranes [Phosphorus Sulfur 27, 13 (1986)]. 
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2. Bronsted Base Catalysis 

An uncharged nucleophile may also play the role of a Bronsted base if 
interaction with a protic substrate can increase its nucleophilicity 
[Eqs. (41) and (42)]. This pathway, formulated by Allen and Modena 
(137), seems to be important in many solvolytic reactions (7). There is 
evidence that more than one solvent molecule participates in the solvolysis 
of chlorosilanes (7,137,244). One functions as the nucleophile attacking 
silicon, while the others, forming hydrogen bonding complexes, enhance 
the nucleophilic reactivity. 

Bronsted base catalysis is expected to operate when acid-base interac¬ 
tion strongly enhances the substrate nucleophilicity or deeply changes the 
structure favoring the reaction. The silylation of phosphorous acid with the 
Me 3 SiCl-amine system may serve as a good example [Eq. (74)] (see refer¬ 
ences cited in Ref. 273). The first two molecules of silyl chloride enter the 


H ° O 

+ 2Me 3 SiCl 

HO X H 

Me 3 SiO. + 

X POHNEt 3 

Me,SiO / 


Me,SiO. .O 

> 

Me,SiO / X H 
(Me 3 SiO) 3 P 


(74) 


reaction easily without any catalyst, since they do not change the coordina¬ 
tion state of phosphorus. Introduction of the third group requires the 
action of a base which converts the tetracoordinate phosphorus acid into a 
highly reactive anion of tricoordinate phosphorus. 

It has recently been shown that within the same reaction series the 
mechanism of catalysis by uncharged Lewis bases may change with varia¬ 
tion of the structure (275). Tandem kinetic and IR hydrogen bond studies 
revealed that silylation reaction of a silanol catalyzed with triethylamine is 
first order with respect to the silanol-amine hydrogen bond complex 
[Eq. (75).] The same reaction was shown to be effectively catalyzed by 

R 2 R'SiOH + Et 3 N ^ [Et 3 N — HOSiR 2 R'] 

[Et 3 N — HOSiR 2 R'] + RR'R"SiCl - R 2 R'SiOSiRR'R" + Et 3 N-HCl 

R = Me, R' = OSiMe 3 , R" = i-Pr (75) 


some nitrogen heterocycles (e.g., A-methylimidazole, DMAP), which func¬ 
tion as nucleophiles to produce silylonium intermediates. 

The strong catalytic effect of amines in silylation with silyl hydrides of 
some protic substrates, like alcohols, phenols, and carboxylic acids, is well 
known (for review, see Ref. 316). In this case, the amine is not likely to 
ionize the silicon-leaving group bond. General base catalysis has been 
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often postulated (316-320). The Si—H bohd, however, owing to a high 
equatorial preference, stabilizes the trigonal bipyramidal structure (300- 
302), thus favoring the extended Si coordination mechanism. 


VI 

FINAL REMARKS 

There are a variety of mechanistic pathways in the chemistry of substitu¬ 
tion at the silicon atom. Dissociative routes in which a silylenium ion or a 
double-bonded tricoordinate silicon compound appear in solution are 
often postulated. These transient species are considered either as diffu- 
sionally equilibrated intermediates or as species of incipient character. 
Pathways involving the dissociation of a silicon reactant as a result of the 
interaction with a neutral nucleophile molecule merit particular attention 
since many important silylation processes are likely to take this route. It 
should, however, be stressed that any generalization, in terms of a definite 
dissociative or associative pathway for a broader class of reactions in 
organosilicon chemistry, is dangerous. The particular route followed by a 
reaction depends to a considerable extent on the structure of reactants and 
catalysts and on conditions of the process. The role of polarity and electron 
donor-acceptor properties of the solvent is often of crucial importance. 
Progress in understanding of the mechanisms of displacement reactions at 
silicon will depend to a great extent on systematic studies aiming to 
determine more closely the role of these factors in determining the mecha¬ 
nistic route. 
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bipyridine adduct, 128-129 
geometry, 127-130 
structure, 129-131 
synthesis, 117,127-128 

Group 2 element, heterocarborane, 104-105 
Group 13 element, heterocarborane, 

105-116 

Group 14 element, heterocarborane, 116-140 
Group 15 element 
heterocarborane, 140-147 
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synthesis, 117 
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IJ C-NMR spectra, 161-162 
infrared absorption, 157 
isoelectronic, 207-208 
kinetic investigation, 155, 168 
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heterocarborane, 144-146 
structure, 146 
ionization potential, 198 


Phosphorus 
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synthesis, 141 

transition metal complex, 143-144 
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dynamic, 181 
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dibismuthine, 91 
distibine, 90-91 
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steric constraint, 32-33 
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preparation 
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vinylidene interconversion, 42-43 
preparative route, 42 
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preparation, 59-63 
cyclic propargyl alcohol, 60-62 
1,1-diphenylpropargyl alcohol, 59-60 
Ruthenium carbene complex, cyclopenta- 
dienyl bisphosphine 
cyclic, 51-52 
geometry, 54-55 
steric constraint, 54-55 
structure, 54 
preparation, 48-54 
acetylenic alcohol, 51 
5-chloropent-l-yne, 52-53 
ethyne, 49-50 
vinylidene, 48-51 
reaction 
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55 
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68 
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